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SUPPLEMENTARY DATA ON THE EQUILIBRIUM OF 
ETHYL ALCOHOL SYNTHESIS 


Yu. M. Bakshi, A. I, Gel'bshtein, and M. I. Temkin 
L. Ya. Karpova Physicochemical Institute 


(Presented by Academician S, S, Medvedev, December 30, 1959) 


Translated from Doklady Akademii Nauk SSSR, Vol, 132, No. 1, pp. 157-159, 
May, 1960 


Original article submitted December 30, 1959 


Previously [1] published data on the equilibrium 


C,H, (g) -+ H,O (g) = C,H,OH ¢) 


(1) 
at pressures up to 81 atm show a linear dependence of log Kp upon the total pressure P, At a constant N. 

/ Nc,H, fatio, this dependence corresponds to the inclusion of a second virial coefficient in the equation of state 
for the gas mixture, The values of Kr obtained by linearly extrapolating log K,, to P = 0 were represented by the 
equation [1] 


log = — 6.304. 
(2) 


Additional measurements, the results of which are reported here, make it possible to evaluate the relation 
between log Ky /P and the composition of the mixture, and to obtain more exactly the dependence of this ratio 


TABLE 1 


Ps Composition of the | Composition of the - 103 
an mixture fed, mol. mixthre drawn off; Kp 108 acc. to 
| | [factions mol, fractions equation (2), 

H, | H,0 2, H 
| Jaren | 0.869 | 0.97 | | | 292 | for 
286 | 36 [3160(40)]f 9-48 | 01848 | 0:139 | 0.0124 | 0,898 | 0,146 | 0,0104 | 2:36 | =0.5t 
71 | 4.5 | 0.450 | 0.650 | | — 0.494 | 0.536 | 0.005 | 2.19 | 2,08 fOr 
286 | 71] | | 0,521 | 0,0154 | 0,463 | 0,496 | 0.0351 | 2:16 | 
ana | 41 0,95 | 0.739 | 0.261 | — 0.735] 0.2m | 0.0110 | 1.46 
332 | 41 0;730 | 0/256 | 0,0149 | 0.728 | 0,258 | | 1°40 
332 | 71 |1260(12)] 1:2 | | 0555 | — | | | | 
| 81 0.400 | 0.600 — | 0.968 | 0,606 | | 1.43 
332 | 81} 46640)! 0:373 | 07503 | 0.0347 | 0,370 | 07600 | 0.0255 | 142 


* In the parentheses is given the weight-percentage of HsPO, in the catalyst. 


‘ 
a 
a 


TABLE 2 


P Experi- Kp: 10°ac- Experi- | K,- 10% ac- 
mental cording to || atm | mental | cording to 
Kp-10 Eq. (5), Kp* 103, Eq. (5 
atm7! atm” atm~! 


* In the communication [1] the pressure unit was not clearly indicated. The pressures 
were measured in technical atmospheres (kg/ cm?), 


TABLE 3 TABLE 4 


Equilibrium Degrees of Ethylene Conver- Equilibrium Degree of Ethylene Conversion 
. 2 2 e 
sion into Alcohol 10° at into Alcohol «+10* at 290 

Pressure P, atm 
Pressure P, atm 
a 2 


upon the temperature (Ky = C,H,” Where ¥C,H,OH is the activity coefficient of C,H,OH, etc.). 
The method of measuring did not differ from that described in [1]. The compositions of the mixtures were chosen 
in such a way that condensation did not occur, The results are given in Table 1, where also are shown the values 
of Kp calculated by means of Eq. (2) taking, in accordance with [1}log K,/P = 14,2-10™4 at 286° and K, =1 

at 332°. As is obvious from Table 1, the value of Kp at a given P does not depend upon the composition of the 
mixture within the accuracy of the measurements. Moreover, it is obvious from the table that at 332° Kp does 
not depend upon P which means that this temperature is near to the “Guldberg-Waage temperature" [1]. At lower 


temperatures K, > 1*, Data on the ether content are not given in the table, because equilibrium is not attained 
with respect to the formation of ether, 


As has been shown in [1], 


22v,B; — Bz 
InKy | 


The dependence of B; and B upon T may be expressed by series of the form ag + ae = +... Assuming 


that two terms of the series are sufficient, we get the following formula for the iene of log Ky / P upon the 
temperature 


log K,, 
P 


(4) 


The experimental data correspond to values Ay =—10.47; Ay = 6.37° 10°, Substituting Kp = Kf/K in Eq. (2) 


gives 


log Kp = 28. _ 6,304 + (10:47 _ 6.37 (5) 


* The corresponding formulation in [1] is in error, 


390 


258 3,30 3,31 318 1,65 
258 81 2,52 2,54 318 81 1,63 t'st 
286 2,30 2,35 345 1,18 1,24 
286 81 2:03 2°02 
250 | 0,253 | 4,44] 6.85 | 8,64 | 9,78 | 10,5 
270 | 0,184 | 3,10] 5,40 | 7,11 | 8,40 | 9,35 0,0740 1,33 | 2,43) 3,31 4,05) 4,65 
290 | 0,130 | 2,36] 4,28 | 5,85 | 7,15 | 8,24 0,0972 | 1,75 | 5,20] 4,37) 5,34] 6,25 
310 | 0,0985 | 1,86] 3,50 | 4,95 | 6,27 | 7,40 0,115 | 2,09 | 3,79) 5,20/6,36) 7,29 
330 | 0,0746 11,45] 2,83 | 4,45 | 5,40 | 6,74 0,130 | 2,36 | 4,28) 5,85) 7,15 | 8,24 
0,173 | 3,414 | 5,681 7,78] 9,51 | 10,9 
|_| 
3 


Equation (5) describes the dependence of Kp upon T and P and expresses the independence of Kp from the 
composition of the mixture, In Table 2 the values of K,,, calculated from Eq. (5) are compared with the experi- 
mental values of Kp obtained previously [1]. Tables 3 and 4 contain the degrees of ethylene conversion « at 
equilibrium which have been calculated from Eq. (5), assuming that only reaction (1) takes place, 


For the calculation of a it is convenient to use the series 


Ky n? Ky \° 


(8) 


where n represents the number of moles H,O per mole C,H in the mixture introduced, Ky = PKp. The equilibri- 
um mixture at Ni,0/ Nc a” 1, 250° and 100 atm (perhaps also some others) is unstable with respect to conden- 
sation, 


The data obtained make it possible to determine the heat of reaction (1). Because in the case con- 
sidered, Ky does not depend upon the composition of the gas mixture, it follows that 


dink, AHo — AH 
( oT 1) 


From the relation 


and the equality Kp = Ke/Ky, we get 


Equation (5) gives 


AH = — 9570 — (47,9 — P. 


(10) 


At 300° and 80 atm AH = —5263 cal. This value differs considerably from AH’=—9570 cal, Therefore, in 
technical calculations, the dependence of AH upon P must be taken into account, 


LITERATURE CITED 
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* Original Russian translation, See C, B, Translation 
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THE DETERMINATION OF THE ELECTRON DENSITY 
DISTRIBUTION IN CRYSTALS 


Academician of the Byelorussian SSR Academy of Sciences 
N. N. Sirota, N. M. Olekhnovich, and A. U. Sheleg 


Solid and Semiconductor Physics Section, Academy of Sciences, Byelorussia 


Translated from Doklady Akademii Nauk SSSR, Vol, 132, No. 1, pp. 160-163, 
May, 1960 


Original article submitted January 5, 1960 


Bragg [1] was the first to show the possibility of applying the Fourier series for the purposes of x-ray struc- 
tural analysis, The subsequent development of this method [2, 3] has made it possible to approach the problem 
of determining the electron density distribution between the atoms in solids from the experimentally determined 
intensities of the diffraction maxima on the x-ray diagram, The problem of the electron density distribution in 
crystals, which determines the nature, anisotropy, and energy of the interaction between the atoms, is one of the 
most important general problems in the physics and chemistry of solids, 


A large, number of works [4-16] have been devoted to the determination of the electron density distribution 
in solids, and a list has been given in [16]. 


In order to determine the electron density distribution and to find the electron density p(x,y,z) at any point 
with coordinates x, y, and Zz in a unit cell with volume y, it is necessary to carry out the summation of a three- 
dimensional Fourier series 


+ 


—oo 


(1) 


where F(hk?) is the structure factor. The number of terms in the series is limited by the number of the reflections 
which can be determined experimentally. 


The uncertainty which arises as a result of the break in the series makes it impossible to obtain any clear 
idea of the actual distribution of electrons in a crystal lattice, A number of works have therefore suggested meth- 
ods for eliminating the effect of the break in the series, by theoretical extrapolation of the f-curve to high values 
of the sum of the squares of the indices [4], or by the introduction of a temperature factor e~®M, with considerable 
calculation temperatures of the order of 1000-10000°K [5, 6, 8, 9]. Both methods introduce considerable errors in 
the results of the calculation of the electron density distribution, 


The use of a method suggested by Hosemann and Bagch [7] for the determination of the electron density 
using “convolution” operations and extrapolation of the f-curves provides a new approach, This method, however, 
is not free from certain defects, 


As pointed out by Nowacki [18] Reijen has calculated the electron density by approximating the f-curve of 
the atomic scattering factor using a Gaussian function, The calculation of the electron density involved the cal- 
culation of the Fourier integral and summation of the series, 


= 

: 

Fa 

2 

3 

2 

4 
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The present paper shows that it is possible 
to calculate the electron density by summation of 
three-dimensional Fourier series without introduc- 
ing a temperature factor and without continuing 
the extrapolation of the f-curve, using instead the 
values of the atomic scattering factor, which can 
be obtained by using CuKa and softer radiation, 


It is known [117] that the outer electrons of 
an atom introduce changes in the shape of the f- 
curve chiefly at low orders of reflection, At high 
orders of reflection, their contribution becomes 
extremely small, The value of the atomic scatter= 
ing factor may therfore be divided into two frac 
tions, produced by two groups of electrons with 
density distributions p*,(r) and p »(t), where p', (t) 
is the principal fraction of the electron density, 
produced by the electrons situated for the most 
part close to each atom, and p,(r) is the remain- 
ing fraction of the electron density, produced by 
electrons situated for the most part in the .outer 
region of the atoms, This separation of p{ and 
Pz is not associated with any kind of electron layer, 

Hagtel! mae Both functions extend in all three dimensions, 

Fig. 1. Change in the atomic scattering factor f with 
change in the sum of the squares of the indices of the 
reflections of the diffraction maxima, a)Experimental 
f-curve for diamond [6]; f, 1s the calculated f-curve 
for electrons with the given density distribution; b) ex~ mm (r) = Ae", 
perimental f-curve with the introduction of a temper~- 
ature factor for a calculation temperature of '7500°; 
f, is the difference between the experimentally deter- for which it is easy to calculate the curve giving 
mined scattering factor and that calculated for elec-: the relationship between the scattering factor and 
trons with the given electron density distribution, the order of the reflection 


The electron distribution in the first frac- 
tion can be described with sufficient accuracy by 
a Gaussian distribution function of the form 


(2) 


h= \ 4nr? dr=A exP 
1 


where p = 4msinv/d. 
The values of « and A are determined from the two Lines (hy, k,,2,) and (hg, ky, 2,) with intensities I, and 


I, when h? + k? + 2?> 27: 


(w/a) 


w/e 
- 


where C, and Cy, are the products of factors which are taken into account experimentally, 


As we have mentioned above, the f-curve of the first fraction of electrons f,(hkl), at high values of the in- 
dices, should coincide with the f-curve obtained experimentally, When h? + k* + 2? = 0(p = 0), the value of f, 
(0,0,0) is equal to the number of electrons in the first fraction. 


| 
4 
)- AC, ? (4) 
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Fig. 2, Calculated values of the electron density in the diamond lattice in 
the [111] direction. A) At the calculation temperature (7500°K); a) by the 
usual method for summation of the series (1); b) by the proposed method; 

B) at 20°C, calculated by the new method without the introduction of a tem- 
perature factor, 


Figure 1 shows that in the case ofdiamond the overlap of the f,~curve for the first fraction of the electrons 
and the eepeetneneally determined f-curve, starts, within the limits of experimental accuracy, when the sum of 
the squares h? + k? 4 17 = 27, 


The curve f, in Fig, 1 gives the difference f—f, = f, produced by the electrons of the second fraction with 
unknown distribution p ». 


The electron density at any point in the crystal p(t) may be represented as 


p(t) = pr (r) + pa (r) = Lovexp [— (t — 
++ Frexp[—2nirH} 


P;(8) is the given density produced by summation of the density p', over all the atoms of the lattice and py is the 
unknown difference between the actual and given densities, which it is desired to find, 


The actual calculation ofthe electron density distribution involves summation of the series 


exp (— 2rirH). 


Figure 2 shows the calculated electron distribution in the [111] direction for diamond, 


According to the data given, the radius of the carbon ion in diamond is 0,20-0,25 A, and the degree of 
ionization corresponds to C + 4.0. 


In the spaces between the coordinates '/>, '/2, /», and °/,, °/,, °/,, the electron density is close to zero, 
within the limits of accuracy of the experimental data, In the space from 0,0,0 to 1, ¥e y, the electron dens= 
ity minimum corresponds to 1,53 electron/ A®, this value being approximately 5 times that for silicon in the same 
position, which apparently resuits from the nature and energy of the interatomic bonds, 


40 
electron/ A$ 
a 
iq 
1 
. 
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od; 


PP 


extent, at the points 1/5, Vg, and Yo, It should 
elec b R am S also be noted that it is not possible to extrapolate to room 
tron temperature the curve obtained by introduction of the tem- 

a ae The proposed method reveals new possibilities for the 
Fig. 3. Change in the calculated values determination of electron density and for the solution of 
of the electron density with change in problems regarding the nature of the chemical bond in solids, 


the calculation temperature, a) At the 
point 0,0,0, calculated by the new meth- 


point a") at the point 0,0,0, 
calculated by the usual method, 
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The actual electron density distribution close to the 
nucleus differs slightly from the given distribution as a result 

_ of added terms which can be calculated from the difference 
between the experimental and given atomic scattering fac- 
tors, In the spaces between the atoms, the value of the given 
density is negligibly small and the actual electron density is 
practically the same as py. 


Figure 3 gives curves showing the change in the cal= 
culated electron density at the points 0,0,0, 4s, and 
Ye. with change. in the calculation temperature. 
The graph shows that the introduction of the temperature 
factor has a very marked influence on the values obtained 
for the electron density at the point 0,0,0, and, to a lesser 


b) at the point %, ¥,, ¥/,; c) at the 
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THE MECHANISM OF THE INFLUENCE OF NEUTRAL 
ELECTROLYTES ON THE BOND BETWEEN PARTICLES IN THE 
COAGULATION STRUCTURE 


G. I. Fuks 
Scientific and Research Institute of the Timepiece Industry 
(Presented by Academician P, A, Rebinder, December 8, 1959). 


Translated from Doklady Akademii Nauk SSSR, Vol. 132, No, 1, pp. 164-167, 
May, 1960 


Original article submitted December 1, 1959 


The development of our knowledge of coagulation structure formation has enlarged our ideas of the coagula- 
tion interaction of the particles making up a disperse system, Although in the past this kind of interaction may 
have been thought to be characteristic only of dilute colloidal dispersions, it is known today that it also plays a 


TABLE 1 


Kinetic Bond between Plane-Pardllel Quartz Discs (diameter 12 mm) in Elec- 
trolyte Solutions after Contact for 30 Minutes, under Pressure of 4 kg/cm? 
(tearing stress 0.08 kg/cm?) 


Concentra- | Time of 


Concentra-|Time of 
tion of soly- separa- Time 


i f so- | separation, 
Electrolytes tion, tion, Electrolytes lution ” om: 
meq/liter | S& meq/ liter 
LiCl 10 2,9 MgCl, 10 14,7 
NaCl 4 3,7 CaCly 40 15,5 
NaCl 10 4,3 BaCl, 5 30,0 
NaCl 4000 9,3 BaCle 10 34,0 
KCl 10 13,0 AICls 10 43,0 
RbCl 10 14,1 Th (NOs)4 10 45,4 


most important role in creating the properties of concentrated and polydisperse suspensions, pastes and deposits 

{1, 2]. Simultaneously with this expansion, there has also, naturally, been extended the problem of the influence 
of electrolytes on the coagulation bond between particles, In the present work, with the object of studying the 
elementary act of interaction between particles, dimensional models have been used [3]— the thickness and the 
resistance to thinning have been measured for the limiting layer of the electrolyte solution, in the space between 
the smooth-polished, plane-parallel, round quartz discs in these solutions, using the method described in [4} and 
the friction of the spherical surfaces of negatively charged quartz and positively charged ruby in the same solution 
has been measured by the method described in [5]. In the disc apparatus the distance between the surfacescould 
be varied between the limits of 3-5 and 0,02 yw (within experimental error of 0,011); the contact pressure was 


from 0.04 to 10 kg/cm}, In the tribometer, direct contact between pairs of surfaces was obtained with contact 
pressure from 50 to 550 kg/mm?, 
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TABLE 2 


Thickness of the Residual Layer in 0,01 Solu- 
tions of Electrolytes, and Its Thinning Resist- 
| ance in the Space between Quartz Discs 


| h atstated |E(kg/cm*)in 
E 2h* the res- 
Electro- | (kg/cm sure intervals 
/ ) 
lytes 
0,2 | 2,0 | 40 
Licl 0,25} 0,41 | 0,06] 3,3 | 5,5 
Fig. 1. Effect of concentra- NaCl 0,14 | 0,09 | 0,05} 5,0 | 6,7 
savas KCl 0,12 | 0,08 | 0,04 | 7,7 | 10,6 
tion(ing-equiv/liter) on the RbCI — | 72 | — 
thickness of the residual layer CaCls 0,08 | 0,06 | 0,04] 4,4 9,6 
of solution in the space be- AICls 0,08 | 0,05 | 0,03 | 6,2 | 12,0 
tween quartz surfaces at acon- Th (NOs)< | 0,07 | 0,03 | 0,03 | 6,0 | 18,0 


tact pressure of 0,2 kg/ cm’, 
1) BaCl,; 2) KCl; 3) NaCl. 


It follows from the work reported in [3, 6] that the electrolytes increase the kinetic resistance of the thin 
water layers adjacent to the discs, and also give to these layers a static resistance (equilibrium and nonequilibrium), 
leading to the preservation in the space between the discs of a residual (nonremovable) layer of solution (whose 
thickness will be represented by h,,jn). The effect of electrolytes on the kinetic resistance of neighboring parti- 
cles does not apparently reach large proportions, since the limiting viscosity in the peripheral part of the bound- 
ary layer is increased by ions by a factor of more than 5 [3], and the transition to the residual layer is sudden. 


On the other hand, the kinetic bond between plane particles, expressed by the separation time [3], depends to 
a considerable extent on the composition of the solution which surrounds them (Table 1), It is known that the 
limiting viscosity exerts an influence on this effect, but a more important fact is that the composition of the solu- 
tion determines the thickness of the residual layer (Table 2), and, therefore, also the space between the surfaces 
which can exist under any given pressure which is not too high, We may note that the kinetic bond depends not 
only on the distance between the surfaces, but also on the shape of the space,so that the effect of the electrolytes 
on the time of separation of convex particles ought to be considerably less than for pianar ones, 


The thickness of the residual layer is determined by the concentration of the solution (Fig. 1), the charge 

of the oppositely charged ions, and their radius (Table 2), With increase in contact pressure, and, correspondingly, 
reduction in the distance between the surfaces, the part played by the radius of the ions diminishes, and at high 
concentration of the solution the part played by the charge on the ions also diminishes, The curve of hy,j, = {(C) 
is the reverse of the curve of the relationship between the coefficient of static friction and adhesion of microscopic 
particles, and the concentration of the solution of electrolytes [7]. The thinning resistance of the residual layer is 
primarily determined by its thickness, and therefore in a selected pressure range (from 6-8 kg/ cm?), in solutions 
which at this given pressure form the thinner residual layers, the index of this resistance is in the majority of cases, 


higher, With increase in the concentration of the solution from 5-10 meq/ liter, E is increased, but further in- 
crease causes little change, 


A qualitative consideration of the data which have been obtained leads to the conclusion that the space 
between quartz surfaces in electrolyte solutions is linked with the thickness of the diffusion layer of the adsorbed 
ions and the interaction of these layers, Starting from the theories of the double layer proposed by Gouy and Chap- 
man, B. V. Deryagin [8] and A, N, Frumkin [9], equations have been obtained describing the repulsion of plane 
diffusion layers, For the case in whichthe potential of the surface is considerably less thanRT/F, these equations 
coincide, If we express x (the index of the thickness of the ion atmosphere on the theory of Debye and Hiickel) 
by means of KZVC, where K is a constant, Z is the charge number on the ion in the diffusion layer, and C, the 
concentration of the solution, the equation pee rewritten in the following form, which is suitable for verifica- 


tion by a method of alignment: F, = KZ*Ce™ ve, where F is the force of repulsion between contiguous diffusion 
layers, and h is the distance between the surfaces, 


Comparison of the experimental data (the points on Fig, 2) with the theoretical relationship shows that, in 
electrolyte solutions of concentrations up to 8-10 meq/ liter, the ions impede the contact of the surfaces at a 


| 
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Fig. 2, Testing by the alignment method of the applicability of the equation for the 
forces of repulsive interaction between the diffuse layers of adsorbed ions, 1, 2) F, = 

= f(z, C),; 1) when = 0.06 20.01 2) when = 0.042 0.01 p; 3) F, = (Cyc) 
(the numbers on the curves denote the values of C in meq / liter); 4, 5, 6) F = f(h); 


4)when x = 1,5 meq in 1 lieter CaCl,; 5) when x = 2,5 meq in 1 liter KCl; 6) when 
X =1 meq in 1 liter NaCl, 


TABLE 3 


The Coefficient of Friction of Ruby and Quartz in 0,001 N Solutionsof Neutral Elec- 
trolytes (contact pressure; ruby 530; quartz 108 kg/ mm’; preliminary interaction 
between minerals and solution — one hour) 


' Static fric- | Kinetic fric- Static fric- Kinetic fric- 
tion tion tion tion 
Electrolytes Electrolytes 
ruby /quartz| ruby quartz ruby |quartz| ruby quartz 


0,105 0,440] 0,150] 0,320/|KsSO. 0,110} 0,490] 0,170] 0,370 
KCI 0,097 | 0,465} 0,160| | 0,114| 0,550] 0,200] 0,375 
AICls 0,412] 0,420] 0,220] 0;330||KgFe (CN), | 0,413] 0,605] 0,240] 0,390 
Th(NOs)s 0,444] 0,350] 0,225] 0,350 


distance at which van der Waals forces are effective, owing to the electrostatic repulsion of the diffusion layers, 
In more concentrated solutions, and also when there are comparatively large distances between the surfaces of the 
order of thickness of the boundary layer, a nonelectrostatic factor should influence the interaction, * Since in these 
casesitis the radius of the ions which has the greatest significance (at least within the limits of uni- and bivalent 
cations [6]), it is most probable that this factor is the long-distance [10] or secondary [11] hydration of the ions, 


The high contact pressure used in our tribometric experiments to determine the microhardness of the miner- 
als under examination, was sufficient to overcome the repulsive forces of the adsorbed ions, but the effect of elec 
trolytes on the interaction between the surfaces of these minerals was not disturbed, It can be seen from Table 3 


*It is quite possible that a development of the theory of the interaction of diffusion layers on the basis of a more 
complete picture of their structure than was assumed by Gouy, would enlarge the region in which it was possible 


to apply an electrostatic repulstion mechanism, but there is no basis for the idea that such a mechanism could be 
universally applied, 
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Fig. 3. Coefficient of friction (f) 
and abrasion of ruby in electrolyte 
solutions of various composition 
and concentration, inrelation to the 
microhardness (H) of ruby in these 
solutions, 1) Static friction; 2) ab- 
rasion (duration of friction, 10 min); 
3) kinetic friction, 
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that the change in friction, in relation to the composition of the 
solution, does not correspond to the expression derived for the re- 
pulsive forces between the diffusion layers, and the coefficient of 
friction is determined by the charge-number of the anions and 
cations, which demonstrates that the mechanism of the ionic ef- 
fect is not concerned with the charge on the surface, 


The specific effect of electrolytes at high contact pressure is 
linked with their influence on the surface of the minerals, It has 
been shown [12] that in solutions of neutral electrolytes the micro- 
hardness of ruby and quartz are reduced (which is one of the mani- 
festations of adsorption-reduction of the solidity of solid bodies 
[13]. The friction (and abrasion) of ruby, and in special groups of 
solvents of quartz also, is increased with reduction of the microhard- 
ness, independently to a first approximation of the composition of 
the ions and the concentration of the solution (Fig. 3), which is ex- 
plained by the increase in the true contact area with the “plastified® 
surface. If in such a case the specific strength of the molecular 
interaction is not reduced (which is very probable in the case under 
discussion), then the electrolytes must increase the total strength 
of molecular interaction, 


The effective manifestation of the mechanism which has been 
considered, exerted by electrolytes on the bond between particles 
(and macrobodies) in solutions, is determined by the distance be- 
tween the surfaces, 
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AN INVESTIGATION OF THE GEL-FORMING PROPERTIES 
OF ALUMINUM OLEATES IN BENZENE 
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Translated from Doklady Akademii Nauk SSSR, Vol, 132, No, 2, pp. 380-383, 
May, 1960 


Original article submitted February 6, 1960 


Aluminum soaps of fatty acids, having the general formula Al(OH),(OOCR),,,, where n + m = 8, are well- 
known as solidifying agents for various liquid hydrocarbons, A great number of works has been devoted to the 
structure and properties of these soaps, and in the course of these it has been shown that the presence of hydroxyl 

groups in the molecules of aluminum soaps with any given 
Viscosity, poises hydrocarbon R has a determinative effect om their solidifying 
properties [1]. The greatest solidifying power is possessed by 
the doubly substituted soaps Al(OH)((OOCR), (in which n = 1), 
a fact apparently connected with the association of the separ- 
| h y \ ate molecules into short chains through their hydroxyl groups, 


é with the further formation by means of van der Waals forces 
and hydrogen bonds of irregular networks — so giving a gel 
structure, The unsatisfactory solidifying properties of the singly 

LX substituted soaps Al(OH),(OOCR), where n = 2.0, may be ex- 
“So plained by the emergence of intramolecular hydroxyl bonds, 

70 The possibility of the existence of the triply substituted soaps 
Bxcess NAOH Al(OOCR); can be regarded as small, for the ease of hydrolysis 

Fig. 1 and instability, coupled with steric factors, which would im- 


pede the arranging of three organic radicals around a single 
aluminum atom, and other factors, all tell against it [1, 2]. 


The structure-forming properties of the aluminum soaps depend to a great extent on the molecular weight 
and nature of the radical [1, 3}. Thus, in the formation of the aluminum soap of naphthenic acids, whose hydro- 
carbon radicals have a complex cyclic structure, the optimum solidifying capacity is possessed by soaps precipit- 
ated with an excess of free alkali of 75% (in relation to the bound alkali), that is, with n = 1.17 [4]. This has 
been shown to be the case for naphthenic acids of various mean molecular weights from 214 to 250, in spite of 
the fact that the solidifying power of the soaps increases greatly with reduction of molecular weight in this range [5]. 


Insufficient attention has been given in the literature to the aluminum soaps of unsaturated fatty acids, It is 
a matter of interest to discover what influence the double bond in the radical of a fatty acid may exert on the 
structure-forming properties of aluminum soaps, and to establish the composition of the oleic acid soaps which 
correspond to maximum viscosity and stability of oleo gels, 


Preparation of Aluminum Oleates and Their Benzene Gels, The aluminum soaps of oleic acid were prepared 
by the usual method of double decomposition [using a solution of Al,(SO,)3 and an alkaline solution of the sodium 
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soap of oleic acid, containing a definite quantity of free alkali}, Precipitation was performed at 70°, and the 
pH of the medium at the conclusion of precipitation was between 5.0 and 4.5, 


Gels from these soaps were prepared by dissolving weight amounts of the soap in cryoscopically pure ben- 
zene with vigorous agitation at room temperature, The dissolution of the soap and the “maturing” of the gel 
takes place very slowly compared with the aluminum naphthenates, and therefore the first measurements of the 
viscosity are performed during a period of 3-5days after the preparation of the gel, It has been found that gels 
of aluminum oleate possess considerably smaller solidifying power than those prepared from aluminum naphthen- 
ates under the same conditions and with the same compositions, Aluminum oleate gels possess elastic-solid pro- 
perties, in contrast with those of aluminum naphthenates of the same concentrations, and have higher values of 
the limiting high elastic deformation [6]. 


Effect of the Composition of Aluminum Oleates on the Composition of Their Oleogels, Aluminum soaps 
of oleic acid have been precipitated in alkali excess of from 25 to 200%, and from them there have been prepared 
8% gels with cryoscopically pure benzene, 


The viscosity of the gels has been denoted, as in our earlier experiments, by the highest value of their vis- 
cosity (the limiting viscosity), n, corresponding to a practically undamaged structure, The invariance of this 
viscosity— that is, its independence of the order of events in the measurement (for low rates of sheer) — has been 
the subject of careful verification, 


Figure 1 gives the relationship between the viscosity of 8% gels and the composition with respect to free 
alkali during the precipitation of the soap, for various keeping times of the gels. Curve 1 refers to 5 days, curve 
2, to 7 days, curve 3,to 30-32 days, The viscosity reaches a maximum when the excess of alkali is 50% (n =1.0), 
then falls, and then increases again to give a second, lower maximum at 150% excess alk@ti (n = 1.7), This is 
apparently due to the increased hydrophilic (oleophobic) character of the soap. Soaps precipitated in the presence 
of 200% excess alkali — that is, soaps of composition corresponding to the monosubstituted compound with n= 2 —are 
practically insoluble in benzene even after heating; upon standing, the individual particles of the soap swell and 
enclose gels, but there is no general formation of a gel structure throughout the mass of the benzene, It can be 
seen, therefore, that in the case of aluminum oleate, as in the cases of soaps of the saturated fatty acids, the 
optimum solidifying power is attained with the doubly substituted soap, where n = 1,0, 
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Observations made on the aging of these oleogels (Fig. 2*) show 
that their stability is low. The viscosity decreases greatly with time, It 


ge is natural to connect this with chemical instability due to the presence 
age ie of the double bond in the hydrocarbon radical, although this, on the other 


p nag hand, helps the process of solution and subsequent solidification, However, 
addition of around 1.5% of such typical antioxidants as a-naphthol [7] to 
| ar ~_ 0%, the soap does not, as we have shown, change the course of the automatic 
a reduction in the viscosity of the gel — that is, does not affect its aging. 
= The relationship between logn and r is practically a straight line with 
vol x ha g% almost constant slopes, except in the case where the excess of alkali is 
ss 1x * 100%. Thus, the composition of the soap exerts its influence basically 
~ on the viscosity of the gels, and is practically without effect on their 
a Si ea re stability, In contrast, the composition of the soap in the case of aluminum 
0 8 6 & 2 @ days naphthenates influences strongly not only the viscosity level of the gels, 
Fig. 4 but also their aging (see Fig. 2: 6% soap in benzene, dotted curve) [4]. 


‘Effect of Aluminum Oleate Concentration on the Properties of its 
Oleogels, Gels have been prepared with soap concentration from 6 to 12%, Figure 3,a** shows the increase of 
the viscosity of the oleogel with increase in the soap concentration, The soap was precipitated with an excess of 
alkali of 75%, orn = 1,17. It has been shown that within quite a wide range of soap concentrations a simple gen- 
eral relationship holds good: ; 


Ign = K-+algC, 
gy g (1) 


where the constant K(r) = log n..,(T) and the constant a(r) are found to depend on the time of aging of the gel: 


a=aQ + bt, (2) 
K = Ky — At; (3) 


Ky = Kp29 and a9 = a7 = 9: these are constants dependent neither on C nor on Tr, It follows from (1), (2), and (3) 
that: 


A = lgy,_, = Ko + algC, 
B=4—blgC, 


(5) 
(6) 


b = da/dr, and is not only independent of the time [because of the linearity of a(r) (2)], but also independent of 
the excess of alkali used in preparing the soap within the range 75-150% (Fig. 3,b). This linear relationship is 
well confirmed within the wide range of r from 3-70 days, of n from 4.5+10* to 10, and of C from 6% and 8% to 12%, 
According to the nature of the decrease of n with time, so much the greater is the increase in concentration re- 
quired to maintain the high level of viscosity required for structure formation, 


Increase in concentration of soap (the numbers are given against the relevant curves in Fig, 4), when this 
has been precipitated with an alkali excess of 75%, diminishes the rate at which the aging process takes place in 
the gel, but even a 12% gel is not stable when preserved for more than 2 weeks, its viscosity decreasing appreci- 
ably during this period, In contrast with this, gels containing as little. as 4% aluminum naphthenates and prepared 
under similar conditions remain stable over a protracted period of time [4, 8]. 


* Thefigures against the curves show the percentage excess of NaOH during the precipitation of the soap, 
* * The numbers by the curves denote the time of aging of the gel in days, 


] = A — Dt, . 
where 
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The reaction 


(g) + (g) = GH,OH 


is widely used in industry, The process is carried out at pressures of 60-80 atm and temperatures of 280-300° and 
phosphoric acid is used as a catalyst on a porous support consisting mainly of SiO,, We investigated the kinetics of the reaction 
in a flow system using the phosphoric acid on silicagel catalyst in the form of 2.5 mm granules, Experiments 


in which the granule size and the HPO, content of the catalyst were varied showed that the reaction proceeded 
in the kinetic region, 


It was obvious to assume that the mechanism of reaction (1) would be analogous to the mechanism of the 
vapor-phase hydration of C,H, on a phosphoric acid catalyst previously investigated in our laboratory [1], that is, 
it would correspond to the olefin hydration mechanism proposed by Taft [2]. Then the kinetics of reaction (1) 
will differ from the hydration kinetics of C,H, only insofar as it is necessary to take the reverse reaction into 
account, The mechanism, as adapted to reaction (1), may be given in the following form: 


He = C,H;OH. (2) 


The transformation of the t-complex H,C pi CH, into the carbonium ion HyC—C*H, is the rate-determin- 
ing step. 


Scheme (2) leads to the following equation for the rate of the direct reaction 


f 
= = P. 4 
lon,!* hy (3) 


here kq represents the rate constant of the rate-determining step; K, — the equilibrium constant of C,H, + HS 
H+ 


> Hc 4 CH, (in terms of activities); s — the solubility coefficient of C,H, in phosphoric acid (s = ac, /P Hy' 
fr. fooHy ! fF — respectively, the activity coefficient of the m-complex, of the dissolved C,H, and of the activated 
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TABLE 1 


3 Partial pressures, 

Be: Reaction atm a 

time t sec k-10* P,0,,% | | 

ose C,H, | H,O | C,H,OH 

0,148 50,6 | 29,9 | 0,478 0,177 6,85} 69,08 | 2,24 | 3,06 | 3,74 

714 0,150 40,0 | 30,4] 0,415 0,174 7,53] 69,07 | 2,24 | 3,36 | 4,15 
61 0,148 30,2 | 20,5 | 0,272 0, 156 6,54] 69,07 | 2,24 | 2,92 | 3,61 
54 0,150 20,7 | 30,1] 0,242 0,171 7,50] 69,08 | 2,24 | 3,35 | 4,12 
71 0,166 29,5 | 41,2 | 0,342 0,137 6,60} 68,€0 | 2,09 | 3,16 | 4,24 
61 0, 166 29,6 | 31,0 | 0,343 0,195 7,75) 69,04 | 2,22 | 3,49 | 4,34 
51 0, 166 29,5 | 21,1] 0,362 0,292 8,61] 69,47 | 2,49 | 3,46 | 3,95 
41 0,170 29,9 | 10,6 | 0,397 0,583 | 411,60} 70,20 | 3,02 | 3,84 | 3,78 
36 0,172 30,5} 5,21 0,200 0,870 {11,80} 71,00 | 3,71 | 3,19 | 2,67 
81 0,372 49,5 | 30,2] 41,170 0,436 8,11} 69,04 | 2,22 | 3,66 | 4,45 
71 0,373 40,5 | 29,5 | 0,937 0,418 7,87) 69,08 | 2,24 | 3,51 | 4,27 
61 0,374 30,3 | 30,0 | 0,705 0,398 7,82| 69,07 | 2,24 | 3,49 | 4,28 
54 0,370 20,4 | 30,1 | 0,445 0,362 7,20| 69,08 | 2,24 | 3,214 | 3,94 
41 0,372 10,8 | 29,9 | 0,253 0,372 7,80| 69,09 | 2,25 | 3,46 | 4,26 
71 0,332 29,8 | 40,5] 0,568 0,244 6,50| 68,77 | 2,07 | 3,14 | 4,44 
61 0,354 29,8 | 30,5 | 0,644 0,359 7,48) 69,06 | 2,24 | 3,34 | 4,14 
51 0,372 30,2 | 20,0 | 0,763 0,590 9,78| 69,50 | 2,51 | 3,89 | 4,36 
41 0,372 0,2 | 10,2] 0,565 0,863 |11,05} 70,22 | 3,03 | 3,65 | 3,53 
71 0,690 30,3 | 39,6 | 4,160 0,480 7,58| 68,75 | 2,06 | 3,68 | 4,76 
61 0,710 30,41 29,7} 4,135 0,612 8,20} 69,06 | 2,24 | 3,66 | 4,46 
51 0,720 30,0 | 19,9 | 41,040 0,800 9,90} 69,49 | 2,51 | 3,95 | 4,11 
41 0,680 29,2 | 11,01 0,673 0,983 |10,75| 70,14 | 3,04 | 3,58 | 3,57 


complex in the rate-determining step; hg— the acidity of phosphoric acid (hg = aj;, fp/ fpH+" where B is a base); 
the partial pressure of 


Neglecting the change of s and of the ratio f_/ {oH fF caused by the changing composition of the acid 
we get the equation ‘ 


= (4) 


In an analogous way we obtain for the reverse reaction 


The constants k, and ky are connected with the equilibrium constant of reaction (1) by the relation 


k 
= Ke. (6) 


Therefore, the observable reaction rate is given by the equation 


1 Poon) 
u=k Kp ) ’ (1) 


where 


k =kyhy (8) 


The value of k must be constant at constant Pj1.9. Because the degrees of conversion of C,H, and H,O are small, 
one may neglect the volume change caused by the reaction and take v = dP, 4; ¢4;/ dt, where t represents the 


“reaction time" calculated as the ratio of the volume of the acid in the catalyst to the volume of the gas mix- 
ture charged [1]. 
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TABLE 2 


270° 290° 


k, 10" 1.00 3.46 10.50 25.3 
k*+10 2.46 4,24 


Integrating Eq. (7) at constant PCH, and PH,O one obtains 


=~ 4K pProln (1— 


In Table 1 are given the experimental data and the values of k calculated by means of Eq. (9). The values 
: K wel Ne, been determined from equilibrium data [3], since it has been found that Kp does not depend upon the 

ratio at given P and T [4]. The extent of approach to equilibrium is characterized by the ratio of 
ethylene conversion to its equilibrium value a,,. 


It is obvious from the table that k is constant within the accuracy of the experiment, when P;. Hy and even 
tare varied but P,, , is held constant, When PH,0 is increased, the yield of alcohol not only does not increase, but 
even decreases slightly (provided that equilibrium is not attained) in qualitative agreement with Eq, (8). 


To check Eq, (8) thecomposition of the acid was calculatedfrom the H,O partial pressure by means of the 
formula 


— 1,515) (72,4 — % P,O,), (10) 


where P°H,0 represents the H,O partial pressure above HsPO, (100%), Equation (10) has been derived from data 
previously published [5] as also from some additional data, The value of hy was determined from the composi- 
tion of the acid assuming a linear dependence between Hy = —log hy and the temperature [6, 7]. In Table 1 
are shown the values of k, = k/ hy and they are approximately constant, 


One should keep in mind that the value of hg are only approximations, since they have been obtained by 
extrapolation, In any case, the fact that the yield of alcohol changes only slightly when Py; ¢ is varied consider- 
ably shows that the reaction is of zero order in H,O and confirms the first assumption from which we started, 
namely, that H,O does not take part in the rate-determining step. 


For technical calculations it is convenient to give the reaction rate as an explicit function of Py,0. This 
may be done in the following way. Since the catalyst is equivalent to a solution of H,PO, with a low H,O con- 
tent, one may in analogy of the result of Brand [8] for concentrated H,SO, solutions suppose that 


where Xj; sPO, ePresents the mol, fraction of HsPO,, etc, If we consider H,O to be a base, we get 


H, = pK — log (12) 


Taking into account that XH por = XH,0* and assuming that XpH,0 is proportional to X H,0 is propor- 
tional to PHO and that XH,PO, is practically constant, we get the approximation 


C 
h,= 
Pito (13) 


a 

a 

3 

k 
(9) 

log __ (1075 
H,O 

H, = const — log 

0 og ’ 
Xy,Por (11) 
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where C is a factor which is dependent on the temperature, 


where k' = k,C, For the calculation of k* we used Eq. (9) and the relation 


same range of and t values, 


seconds). 


reaction product differed but little from that in the original ethylene, Therefore, there was practically no ether 


formation under the conditions of the experiments, This has been confirmed by special experiments with ethyl- 
ene which was nearly free of ether, 


of C Hp, [1], ithas been concluded that the conversion of the -complex into the carbonium ion is the rate-deter- 
mining step. The results of this paper enable the extension of the said conclusion to the acidic hydration of 


*See CB translation, 


Combining Eqs, (7), (8), and (13) one obtains 


k ( 1 Pon | 
sie 


k' = kPifo. (15) 


The values of k' given in Table 1 are approximately constant, 


Data analogous to those given in Table 1 have been obtained in experiments at 270, 310, and 330° in the 
Average values of k, and k" at various temperatures and PHO = 30 atm are given in Table 2(t in 


The temperature dependence of k, and k* corresponds to the equations 


log ky = 12,18 — 251 (16) 


14 860 
logk = 5,39 — ZiT ° (17) 


The ethylene used in the experiments contained a small amount of(C,Hs)gO0. The amount of ether in the 


Upon investigating the absorption of C,H, and CH, in sulfuric atid solutions [9] and the acidic hydration 
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Many cases are described in the literature in which oscillating currents and potentials arise in electrochemi- 
cal systems in which the polarization characteristics are decreasing. Usually, however, these processes are com- 
plicated by passivation of the electrode or the separating out of a solid phase, It was therefore thought desirable 
to investigate the phenomenon of oscillation in systems free from complications of this kind, 


Fig. 1. Oscillogram of M Rate of emf reduction 
2.36 v/ sec, amplitude of emf 0.61 v, initial emf: 1.0 v against 
the normal calomel electrode, Time from the moment of ap- 
pearance of the drop to the appearance of the impulse = 8 sec. 


For this purpose there was selected the reduction of the persulfate ion on a mercury cathode, The ion S,03” 
is one of these ions for which, within a certain potential range, a fall of current density takes place as the cathode 
polarization is increased [1]. In an electrical circuit, which includes this system, the authors have discovered that 
a self-induced oscillation of current and potential does arise, The circuit consisted of a stabilized emf source 
(the oscillographic polarograph GEOKhI, or a battery in conjunction with a sliding-wire bridge could be used), a 
cell with a capillary mercury cathode, a comparison electrode, and a series resistance which could be introduced 
into the circuit, Investigations were carried out both with constant emf across the ends of the circuit, and with 
potentials which varied with time at a constant rate, In the investigation of the process by means of the oscillo- 
graphic polarograph, it was advantageous to vary the potential of the electrode in such a way that acceleration 
of the reaction occurred through the presence of excess of the reacting substance in the pre-electrode layer, Thus, 
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in the study of the reduction of the persulfate ion it is convenient 
to start in the region in which fall of current occurs, and the polariza- 
tion characteristics are positive, and to carry out the study at emf's 
whose absolute values diminish with time (Fig. 1), The start of this 
oscillogram (the right-hand side) corresponds to a potential of —0,98v 
(measured against the normal calomel electrode), and the oscillation 
occurs within the region shown, Reduction in the emf (moving from 
right to left) causing diminution of the polarization characteristics, 
causes current oscillations to arise, Further reduction of the emf re- 
sults in reduction in the amplitude of the oscillations, though these 

do not vanish entirely; after this the trace descends slowly, corres- 
ponding to the diffusion current [2], Further reduction of the emf 

to 0,2 v results in a rise of the positive current up to the polarographic 
maximum, Since the resistance of the electrolyte is high, the cur- 
rent oscillations are accompanied by appreciable oscillations of the 
electrode potential, The reduction of amplitude from right to left 
(Fig. 1) does not correspond in time to the dying out of the oscilla- 

: tions, since it depends essentially on the relationship between the 
# amplitude on the emf at the ends of the circuit 

cillations in 10°? M KgS,Og, under P : 

a potential of 1.2 v relative to the 
mercury anode, 


If it is desired to stop the change in potential, a sufficiently 
large series resistance in the circuit establishes the nondamping os- 
cillations shown in Fig, 2, The time during which these oscillations 
may continue undamped is limited only by the life of the electrode, During work with slow-dripping electrodes 
a period of 90 sec was attained, The form of the oscillations for various amplitudes (Fig. 1, right to left) remained 
identical, consisting of a very steep forward face, a brief period of constancy at the maximum current value, which 
considerably exceeded the diffusion current obtained under conditions when diffusion was absent, after the lapse 
of the same time from the initiation of emf reduction; there follows a more gradual fall in the current, followed 
by a time lag in which the current rises slowly but remains smaller than the diffusion current. The frequency of 
the autooscillations depends on the conditions of the experiment, Under the conditions obtaining when Fig, 1 was 
obtained, the frequency of oscillation at the greatest amplitude was 57.5cps, and at the least amplitude 175 cps. 


Summing up the information obtained by the experimental investigation of the mercury—potassium persul- 
fate system, we may note the following: 


1. An essential condition for the development of the oscillations is a high series resistance (1-20 kohm). 
This is made up of the resistance of the solution itself, and of the resistance box included in series in the circuit, 
If a third electrode is introduced into the cell, and connected to the oscillographic polarograph through the grid 
of the value of the charging resistance compensator, then control of the emf is replaced by control of the electrode 
potential, the series resistance loses its effect, and the oscillations no longer occur, 


2. In those cases where the remaining conditions do not favor the production of oscillations, these may be 
produced by increasing the rate of potential decrease, This has been studied within the range 0-75 v/ sec, 


3, Oscillations may occur both on the growing drop of the dropping mercury electrode, and on the “station- 
ary" mercury electrode (the amalgamated end of a gold wire sealed into glass), 


4, If oscillations are to be produced, it is essential that the current value in the falling region shall be suf- 
ficiently low, The presence in the solution of substances accelerating the reaction in this region interferes with 


the development of oscillations, Thus, extraneous electrolytes, and mercury salts, in concentrations comparable 
with that of the persulfate, show this effect, 


5. Prolonged electrolysis (1 hr) leads to the cessation of the oscillations, This is due to changes in the 


composition of the solution, and to the formation within it of mercury salts produced at the anode and the falling 
drops. 


6. When the series resistance is large (5-20 kohm), oscillations may take place even at constant potential 
(Fig. 2), The amplitude of these does not change with time, 
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Fig. 3. Oscillogram of 10°*M KyS,0. Rate of reduction of poten- 
tial 8.60 v/sec, Remaining conditions the same as in Fig. 1. 


1. The amplitude of the oscillations under constant potential is settled immediately as they begin, and does 
not depend on the rate at which the potential was falling up to this point. 


8, Increase in drop diameter leads to reduction in amplitude, and for values of the diameter greater than 
some critical value,becomes zero, The extent of the change of amplitude with diameter, and the critical value, 
depend on the emf at the ends of the circuit, 

9, During a short time after the moment of liberation of the drop, if artificial mixing is used or the series 
resistance is high, the behavior of the current with falling potential is as follows; at the beginning of the oscilla- 
tion the current rises, is arrested for some milliseconds forming a zigzag, increases again, and then settles on to a 
sloping line corresponding to the positive polarographic maximum, This is confirmed by observation of the elec- 
trode under a microscope, 

This behavior of the current is of interest because, under the conditions to which the foregoing points ap- 
ply, the transition to the polarographic maximum is complete at 0,20-0.25 v to the positive side of the oscilla- 
tion region, Intermediate conditions exist in which the polarographic maximum is attained either before the 
oscillations, or simultaneously, Two of these oscillograms are shown in Fig, 3, from which the origin of the zig- 
zag appears; this is the top, and part of the rear “front” of the first oscillation, 

10. Movement to the maximum at positive potentials of the oscillation region takes place without the in- 
termediate arrest, The transition potential depends on the rate of decrease of potential: increase of the rate leads 
to retardation of the initiation of the rise. The retardation time for various rates of potential decrease is the same, 
but depends on the potential at which the decrease commences, 

This retardation is not peculiar to the behavior of persulfate solutions: a solution of 107? M lead nitrate with 
normal polarization characteristics has been found by the authors to show the same phenomenon, 


11, Introduction into the solution of 0,05% gelatin quenches the oscillations if the rate of change of emf 
is low (2,36 v/sec when the resistance box is not included in the circuit), and smooths them out when the rate is 
greater (4.17 and 8.60 v/sec). 


12, With low series resistance, the initial potential exerts an influence on the development of the oscilla- 
tions, If this starts at a value below that corresponding to the current fall, the result is the extinction of the os- 
cillations, 

13, Within any one set of conditions, the frequency of the oscillations is inversely proportional to the ampli- 


tude: v = k/y. The length of the oscillation increases with its implitude, The coefficient of proportionality for 
the conditions outlined in Fig. 1 is 0.388+107* amp/ sec. 


14, The amplitude of the oscillations depends greatly on the emf (Fig. 4). Interchange of the cations 
among K*, Na*, and NH,* does not influence the phenomenon, 


In the main experiments we used doubly recrystallized reagents and doubly distilled mercury and water and 
hydrogen was passed for 4 hr, A series of experiments were carried out on the first drop, which made it possible to 
apply the required potential to the electrode before the mercury came into contact with the persulfate solution. 
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It is as yet impossible to formulate a complete theory for the os- 
cillations described, Analysis of the results obtained shows that 
autooscillation on the mercury electrode is linked with the tan- 
gential movements of its surface, Observation of the particles 
suspended in solution under a microscope shows that the move- 
ment possesses an oscillatory character, directed from below to 
above at the forward front of the oscillation, with subsequent re- 
| 2pamp S55 N . | turn, The displacements of the surface during the oscillations 

: .S SR N are most strongly expressed in the screened part of the electrodes, 

! a SINS sity where they may amount to several microns, The direct and re- 

oe “G “09 i ) verse displacements of the surface are identical, provided that 

Fig. 4. Oscillations for the PE nt the surface as a whole is not subject to disturbance. The part 

cities against emf (vertical lines), played by movement in the oscillation process is clear from the 

and current against potential (sloping properties set out in paragraphs 6 and 7, The stability of the ampli- 

lines), 107? M KyS,Og; rate of mercury tude with time is difficult and its independence of the initial com- 

dropping 6.54: 1073 position of the pre-electrode layer impossible to explain only on 

cm te mee ea of deapplag Wine. the basis of the substance being supplied to the electrode by diffu- 

Series Fesistance 23 kohm + 8%. sion, The invariable appearance of the zigzag in advance of the 
rise to the polarographic maximum (paragraph 9), during which 
the movement is known to occur from above downwards, confirms 

our assumption about the direction of movement of the surface during the first stage of oscillation; in order to 

change direction, the surface must first come to rest, 


The mechanism whereby the movement arises may be explained in the following way. The nonuniform 
distribution of potential on the surface of the electrode when the surface is negatively charged leads to the forma~- 
tion in the screened part of the drop of a very high surface tension, This distribution of potential, which is usual 
for normal polarographic characteristics is apparently preserved for diminishing ones, Therefore, in the first 
stage of the oscillation, the movement is directed toward the capillary, But this movement is different from that 
at the negative polarographic maximum, in that it is not starionary, and produces short periodic impulses. The 
stopping and reversing of the direction of movement shortly after its initiation is connected, presumably, with the 
existence for reducing polarographic characteristics of the possibility of redistribution of the potential on the sur- 
face of the drop. The movement of the surface explains the large value of the current at the peak of the oscilla- 
tion, At the advancing front of the oscillation, the substance is supplied to the electrode by means of convection, 
The cessation of movement corresponds to the fall in the current, The effect of surface-active substances con- 
firms this position, In the presence of gelatin, the movement is less intense, The fact that gelatin, while com- 
pletely repressing movements at the positive polarographic maximum, only smooths them out in the oscillation 
region, may possibly be explained by the different natures of the two movements (stationary and periodic), 


Knowing the series resistance in the circuit, and the relationship between the amplitude and the constant 
emf (Fig. 4, heavy vertical lines), it is possible to construct the process of oscillation for the coordinates of cur- 
rent against potential, For a given emf the current and the potential oscillate along the heavy sloping lines of 
Fig. 4, This plan gives a simple explanation of some properties of the oscillations, in particular the relationship 
of the amplitude to the size of the electrode surface (paragraph 8); with increase in surface, the lower limit of 
the oscillations increases, It is interesting to note that the peaks of the oscillations for the coordinates of current 
against potential lie on points along a vertical curve, the abscissas of which are close to a value of —0.6 v (against 
the normal calomel electrode), This shows that the end of the first stage is associated with some condition assumed 
by the electrode in the neighborhood of this particular potential. Investigation of this discovery is to be continued, 
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A disperse system, consisting of a suspension of solid particles in a liquid, possesses a higher viscosity than 
that of the liquid which constitutes the dispersion medium, This fact was first established on a theoretical basis 


by A, Einstein [1], who derived the following formula for the viscosity of low concentration dispersion on the basis 
of hydrodynamic equations; 


He = po (1 + 2,5C), (1) 
where {19 is the viscosity of the pure dispersion medium, and C is the ratio of the volume of the particles of the 
disperse phase to that of the dispersed system, 


In order to derive this formula the following assumptions were made: 1) that the particles were spherical 
in form; 2) that the mean distance between neighboring solid particles is very large compared with the dimen- 


sions of the particlesthemselves; 3) that the kinetic energies of the solid particles in the liquid are negligibly 
small, | 


The predicted increase in the viscosity for particles of the stipulated form is independent both of the dimen- 
sions of the particles, and of the molecular nature of both particles and medium, 


Experimental determinations of the viscosities of suspensions [2-4] have shown that the Einstein formula is 
valid for values of C not greater than 0,03 to 0.05, a concentration range which satisfies the second of the above 
assumptions, The increase in the coefficient of C to 4.5 proposed by Hatschek [5] and to 4,75 [6], did not give 


satisfactory results, and only permitted the determination of the value of , within a narrow range of C from 0,15 
to 0.18. 


The development of the formula for the viscosity of suspensions given below starts out with the following 
postulates, During flow of the solid particles, changes take place in the effective cross section of the liquid cur- 
rent, in consequence of which variations of velocity develop, and the localcomponents of the stream take up a 
turbulent character, The reality of such variations has been confirmed experimentally [7, 8], These variations 
produce an increase in the deformation resistance of the stream, equivalent to the rise in viscosity, and depending 
on the molar volume and the rate of flow in the liquid, 


The increase of viscosity which is observed in turbulent currents, has been given the name “apparent”or 
"virtual’ L. Prandtl, G. Taylor [9], and M, A, Velikanov [10] have derived semiempirical formulas for this vis- 
cosity. It is not possible, however, to apply these formulas tosuspensions,since they relate only to free turbulence 
in the absence of obstacles to the stream in the form of solid surfaces, or at a considerable distance from such sur- 
faces, while in suspension the stream is influenced by solid particles, 
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We believe that that the additional viscosity arising in the suspension due to the presence of solid particles 
in the liquid is proportionalto the molecular viscosity of the liquid, and to the relative change in the displace- 
ment of unit mass of the liquid between that section where it is hendered by the solid particles, and the free sec- 
tion, The proportionality of the viscosity of the suspension to the molecular viscosity of the liquid is presumed 
in the Einstein formula and has been confirmed experimentally, The suggested change in the displacement, rel 
ative to the displacement with mean velocity, is given by: 

a Umax — 9 


(2) 


where Vinay is the mean maximum velocity of the liquid in the minimum section between solid particles; Vi, 
is the mean minimum velocity of the liquid in the section free from solid particles; V is the mean velocity of the 
liquid in the suspension; a is a coefficient of the rate of flow in the stream, representing the nonuniformity of the 
distribution of velocities across the section of the stream, 


It follows, according to our hypothesis, that: 


Be Av 


where ji, is the viscosity of the suspension, and ji g is the viscosity of the pure liquid, 
The mean velocity of the liquid in the suspension is given by: 


v= 


where C is the volume concentration of the solid particles in the suspension, 


Since AV = V-Vipin» we obtain from Eq. (4): 


Av/v=C. 


= 1 + 2al, 
The magnitude of the coefficient « is obtained from the equation: 


J (0 + Av)? dw 
= , (7) 


The evaluation of this integral requires a knowledge of the distribution of velocities across the section of 
the stream, which for the conditions under consideration does not appear to be possible, An approximate calcu- 
lation of the coefficient a may be carried out from the following considerations, The magnitude of a is evidently 
proportional to the dissipation of energy in the turbulent stream, which in its turn depends on the square of the 
velocity of the liquid, 


It should also be noted that in the Prandtl formula, the tangents of the strain in the turbulent stream are 
proportional to the square of the gradient of the velocity, and according to the hypothesis of T, Karman [9] they 
depend on the square of the velocity ratios, 


This gives ground to believe that the magnitude of « is proportional to the square of the ratios of the mean 
velocities in the extreme sections taken by us in our consideration of the element of the liquid stream. That is, 
a Vinay! Vin) or, 


uv v 
Onin 
(4) 

(5) 
Hence, 
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C=0,05 C=0,10 C =0,15 C=0.2 C=0,25 C=0,3 


Ut according to formula 


Uc Ato experimentally, ac- 
cording to Broughton 1,15 1,35 1,62 1,94 - ~ 
Hc/po experimentally, ac- 
cording to Travinskii 1,17 1,35 1.67 2,10 2.8 4.10 
2 
a=a (8) 


where a is some constant coefficient, 


The square of the given velocity ratio is equal to the square of the ratio of the maximum and minimum ef- 
fective cross-sectional areas of the stream,w,,, and Wypyjn. In the case under consideration these ratios depend 
on the volume concentration of the solid particles, and, together with the velocities in the extreme sections, de- 
termine the specific change of the velocities along the path of the stream, 


If the magnitude , is takenequal to 1, then Wy jn is given by: 


nd? 


where d is the diameter of the solid particles, n is the number of particles in unit length of the volume occupied. 
by the suspension. 


The volume concentration of the solid particles in the suspension is given by: 


C=n' 
so that 
min = 1 — 1,207, 9) 
and therefore 
(1-— 1,20°)2 (10) 


Comparison of these conclusions with the data obtained by experimental determination of the viscosities of 
suspensions has shown that formula (6), when the value of a from formulas (8) and (10) is substituted in it, gives 
completely satisfactory results when the calculations are made for a = 1, 


Thus, the final formula for the viscosity of suspensions may be written in the following form: 


He = 1 + 


(4—1,20%)2 (11) 


The table gives the values of 1. /19, determined both experimentally and according to this formula, 
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(11) 1.68 2.85 3.85 
a 
2 
|_| 


It is not possible to obtain verification of formula (11) for concentrations higher than those given in the 
table, It is known that when C exceeds 0,25, strong mechanical interaction begins to be effective between the 
solid particles [3, 7], and no account is taken of this in our conclusions, Hence, formula (11) is only proposed for 
the determination of the viscosity of suspensionsbetween C = 0 and C =0,25, This concentration range is the one 
most often met with in practice in the apparatus used in chemical technology, and is considerably wider than is 
provided for by the other existing formulas (due to Einstein, Hatschek, and Harrison), which may all thus be taken 
as partial cases of formula (11). 
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In recent years shock waves have been applied to the investigation of the thermal decomposition of diatomic 
molecules, The shock wave technique makes it possible to determine the true rates of the initial stages of the de- 
composition, since the experiment measures the concentration of still undissociated molecules, In this respect the - 
shock wave method differs substantially from other determinations of decomposition rates (for example, the decom- 
position rate may be calculated from the recombination rate, as is discussed in [1]), The experimental results ob- 
tained in this work indicate that sometimes a pure diatomic gas will dissociate much more rapidly behind the 
shock wave front thanunder similar conditions in an atmosphere of an inert monoatomic gas, It will also be shown 
that this fact can find a ready explanation within the framework of previously developed theories for the mech- 
anism of thermal dissociation [2, 13]. 


To be more specific, let us examine the following two reactions; 


p=m/2; (1) 
p=m/2, (2) 


the rates of which have already been determined [8] at temperatures between 3000 and 5000°K, It was found that 
kp exceeds k, by one order of magnitude, To the right of each equation we have placed the ratio of the reduced 
mass of the dissociating molecule (y) to that of the colliding pair (m), Essentially, the nondissociating molecules 
in Eqs. (1) and (2) differ only in their internal structure since their respective reduced masses m, and m, can be as- 
sumed equal, The rate of Eq. (1) has been previously calculated [4] by the method used in [2], and was found to 
be in satisfactory agreement with the experimental data, In order to determine the relative rates (1) and (2), we 
will analyze the dissociation mechanism of a vibrationally excited molecule, 


Let € denote avibrational quantum of the Og, molecule, € 9, its first vibrational quantum, then 0<€ <€ 9. 
Let then AE denote the average vibrational excitation energy transferred during each collision, When « is large, 
which corresponds to low vibrational levels, the probability of vibrational excitation can be represented by the 
Landau-— Teller equation; AE in such cases is very small and decreases exponentially with increasing €. On the 
other hand, when e¢ is small, the quantization of vibrations becomes insignificant (nonadiabatic collisions),and 
consequently in accordance with classical mechanics, AE should be of the same order of magnitude as kT (this, 
of course, is only valid when the examined atoms all have masses of the same order of magnitude), The boundary 


line between these tworegions, which is represented by the quantum ¢€*, can be determined from the well-known 
equation; 


e*/hva ~ 1, (3) 


7 

= 
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where ¥V is the mean velocity of the colliding molecules, and a”! is the effective radius of exchange forces, When 
€ > €*we have mainly one-quantum transitions, while for ¢<¢€* many-quantum transitions predominate. When 
€ ~e* the probability of a one-quantum transition is close to one so that AE=(€*)se, 


If the nondissociating molecule in Eq, (2) has a high probability for transferring during each collision a 


portion of its internal energy €, to the vibrationally excited molecule, then the magnitude of quantum €* can 
be determined from the equation: 


‘ 
—8,)/ hve ~ 1, (4) 

It has been previouslyshown(see [2]) that any disturbance in the Boltzmann distribution of the vibrational 
states of the dissociating molecule makes the dissociation rate depend on the vibrational excitation velocity, when 
the vibrational energy is in the range E~E*, the latter corresponding to a vibrational quantum €*, In fact, the 
dissociation energy in such cases comes out to be indeed E*, It therefore follows that any increase in ¢*,result- 
ing from the energy transfer €, should decrease the value of E* and, consequently, increase the decomposition rate, 
However, if the net dissociation energy E* should become excessively reduced, there is a possibility that the vib- 
rational excitation in the region of E «E* will cease to control the decomposition rate, since a drop in the excita- 
tion energy E is accompanied by increased occupancy of the vibrational levels, In such cases the decomposition 
rate will be determined by the rate at which the vibrationally excited molecules pass from an energy state of the 
kT (in the vicinity of the dissociation limit) into the region of continuous spectrum, It is noteworthy that the prob- 
ability of such a transition can even be determined by using the laws of classical mechanics, Such a dissociation 
mechanism has been proposed by Rice [5, 6] and more recently reexamined by Rice [7]* and Widom [8]. Thus, 
we have to conclude that any decrease in the net dissociation energy can not raise the frequency factor above a 
certain limiting value, which can be computed with the help of Rice's theory, It has already been shown [5, 8] 


that the maximum value of the frequency factor may exceed the collision number Z by about two orders of magni- 
tude, 


In case (1) €; = 0, and the value of E* can be computed by using any one of the several relationships for 


E=E(e€). For the particular case where ¢€ is a linear function of the vibrational quantum number v (Morse's 
oscillator) the following expression is readily derived: 


D— E(s) = De?/e?, (5) 


The value of & im Eq, (3) is approximately constant for all the molecules and can be determined from the 
known Morse potentials for diatomic molecules, If the relationshipw«V2D/fi_ is used to represent a in terms of 


the fundamental vibrational frequency and the dissociation energy of diatomic molecules, then from Eqs, (8) and 
(5) we get: 


D (e*)? 


Here the number 1 on the right side of Eq. (3) is replaced by a dimensionless number y , making it possible to re-_ 
present expression (6) as an exact equation, Using Eq. (6) one can readily verify the fact that the net dissociation 


energy in case (1) is reduced by ~kT/4, which makes an entirely insignificant contribution to the decomposition 
rate constant, 


In case (2), €,; #0, so that one has to analyze all the possible contributions to the constant ky from the in- 
ternal energy of the nondissociating molecule, The vibrational degree of freedom of an unexcited O, molecule 
can not contribute anything since the difference between €* and €g is very great. The probability of electronic 
exitation energy transfer is not very large either, since the spectra reveal no strong combinations between the ex- 
cited electronic states, all of which converge to a single dissociation limit, The rotation of nondissociating O, 1 
molecules constitutesthe only degree of freedom capable of contributing substantially to constant kp (relative to 
k,); the rotation of dissociating molecules was taken into account in the equations derived before in [2], One can 
readily verify the fact that the energy €,, which corresponds to two average rotational quanta of O,, can be easily 
transferred to a vibrationally excited oxygen molecule, The experimental rotational relaxation time T of Og, 
which was measured in shock waves and represented the conversion of translational energy into rotational, was of 
the order of 1/10Z (see, for example [9]). The multistage relaxation time (a gradual excitation of rotational 


* The author of this work takes this opportunity to thank Prof, Rice for a preprint of paper [7]. 
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states) is related to the probability of a two-quantum transition P and to the energy €, through the following re- 
lationship:T Substituting into this equation € , ~4VBKT (Bis the rotation constant of O, equal to 


1.4cm™') T = 2000°K, and equating to the experimentally determined t we get P ~ 1, On the other hand, strongly 
rotationally excited molecules have vibrational amplitudes of the same order of magnitude as the parameter which 
represents the assymetry of intermolecular interactions and is responsible for the excitation of rotational states, 
Consequently, the probability of transferring a part of the rotational energy ¢€, to the vibrations of the dissociating 
molecule should be of the same magnitude as the probability for the exchange between the rotational and trans- 
lational energies, Let us note that according to the Schwartz—Herzfelder theory [10] the possibility that rotational 
energy may be converted into vibrational has to be considered in calculating the vibrational relaxation time of 
lower vibrational levels of diatomic molecules. By means of the Landau- Teller equation it can be readily shown 
that the transfer of the rotational energy €, will increase the probability of vibrational excitation by a factor of 
exp(2x¢€ , /€9), which corresponds to a coefficient of 3-5, if the usual value of x10 [10] is used, At the same 
time one should remember that the energy €, depends on the velocity of the colliding molecules and consequently 
on x , so that under ordinary conditions where the collisions are strongly nonadiabatic with respect to the rotation- 
al excitation €, may greatly exceed twice the energy of the average rotational quantum, It is obvious that neg- 
lecting the rotation should render the agreement between the experimental and calculated values poorest when 

x is large. Looking at Table 1 in [10] one can see that this is indeed the case, 


Equation (4) can now be transformed into the form; 


e*= [hva + 4) BRP = yh (7) 


where r, is the equilibrium interatomic distance in O,, Taking r, = 1.2 A and a”! = 0.5 A, and using Eq. (5) we 
get 
E = D— 
(8) 


Thus, the net dissociation energy is reduced by ~°/,kT, while the vibrational quantum, which controls the de- 
composition rate, increases by a factor of ~3 when we change from case (1) to (2), The combined effect of 

these two factors, according to Eq. (7) of paper [2], increases the relative rate of reaction (2) by about 3y exp (2y”)= 
~20 times, This coefficient, of course, will have no effect on the temperature dependence of kp. 


A different relationship between k, and kg arises in cases where the inert gas and the dissociating molecule 
have different molecular weights, As an example, we can use the decomposition of bromine which was studied 
by Palmer and Hornig [11], 


Br, +A—>Br+Br+A, p=m; (9) 
The rate constant for reaction (9) has already been computed [2]. The experimentally determined frequency 
factor in reaction (9) is 4Z at T = 2000°K, whereas Widom's calculations [8] based on Rice's mechanism yield 
~50Z. Using Eqs, (6) and (7), we get E} = D— y?/2kT and Ej, = D— y*kT (r,(Bra) = 2.28 A}, The vibrational 
quantum E* of reaction (10) exceeds that of reaction (9) by a factor of ¥2, so that the relative rate of reaction 
(10) is ~ V2. The experimental ratio ky) /Ky varies between 1.5 and 2.4 in temperature range from 1600 to 
1200°K [11]. 


In closing, let us recall the following facts, Equations (3) and (4), on which our estimates were based, were 
given as only approximate expressions, Consequently, the final expression includes a dimensionless constant y ~1,. 
It was therefore interesting to get an independent check for the value of y and verify Eqs, (3) and (4), This can 
to a certain degree be accomplished by studying the forced infrared absorption of molecules which depends on 
the formation of the molecular electron cloud during collisions, Equations similar to Eqs, (3) and (4) can be writ- 
ten to represent the half-widths of various spectral bands, and it turns out that y is very close to one [12], More- 
over, the band shapes of k = k(w) (where k is the absorption coefficient) qualitatively correspond to those for the 
above-described function AE = AE(€), As far as the linear relationship between € and v (proposed in [5]) is con- 
cerned, the more rapid decline in € frequently observed near the dissociation limit does not alter our qualitative 


419 


= 
‘ 
2 
4 

4 

= 

3 


arguments, In the case of oxygen dissociation, for example, when this effect is considered the calculated value 
of the ratio ky /k, comes out somewhat larger, 


I wish to thank Prof, N, D, Sokolov for appraising this work, 
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Galenite, like many sulfide minerals, is a typical impurity semiconductor of the mixed type, so that the 
sign of the electric charge carriers is determined by the nature of the impurity in the mineral lattice, Lead atoms 
present in excess of the stoichiometric quantity may act as donor impurity, and excess sulfur atoms, or oxygen 
adsorbed on the mineral surface, may act as acceptor impurities. 


“ 


The behavior of the surface of “electronic” galenite 
toward xanthate is not the same as that of "hole" galenite, 
since in the first case there is an increased concentration 
of electrons at the mineral surface, while in the second 
case there is an increased concentration of holes, which 
by recombining with the electrons of xanthate anions are 
able to form stable chemical bonds with the mineral sur- 
face, 


It should be noted that on the surface of galenite, 
and also of many other sulfides, we can expect areas of hole 
and electronic conductivity existing together, and this, 
as a result of the necessary condition that the chemical 
potentials be equal, creates an electrical field with non- 
uniform potential on the surface of the sulfide mineral, 
Our earlier work [1] on the cathodic polarization of sul- 
fide mineral surfaces in dilute solutions of copper or silver 
ions established experimentally the existence of electro- 
chemically nonuniform regions on the surface of sulfide 
minerals, 


Mineral 
Fig. 1. Diagram of the apparatus used for de- 


termining the thermo-emf of sulfide minerals, 


Regions with different electrochemical potentials were detected in these experiments from depositions of 
cathodic metal on the surface of the mineral, observed under the microscope, In addition, in the study of the 
changes in the outline of the deposits of cathodic copper with change in the negative voltage applied to the sul- 
fide mineral surface, it was established that on galenite, regions exist where the negative potential is such that 
the copper starts to be deposited at the electrocapillary zero, together with regions where the copper is not de- 
posited, even at very high negative voltages (—1.4 v). 
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It is probable that xanthate attaches itself only with great dif- 
ficulty to a sulfide surface exhibiting electronic conductivity. This 
assumption is confirmed by the fact that sulfide minerals do not re- 
act with xanthate if the surface has not been treated beforehand with 
oxygen [2], Moreover, it is known that xanthate attaches itself to a 
much smaller extent to the surface of sphalerite (a typical electronic 
semiconductor), 


An apparatus with an electrical thermal probe, illustrated in 
) Fig. 1, has been constructed to determine the nature of the electric 

Wo 200 WO 4% charge carriers and the thermal coefficient of the thermoelectromo- 
Fig, 2, Relationship between the tive force (thermo-emf) of sulfide minerals, The electric thermal 
thermo-emf and temperature; 1) probe was constructed from a piece of pointed steel, heated by the 
MoS»; 2) FeS,; 3) CuFeS,; 4) PbS. passage of an electric current through a nichrome spiral wound above 

the probe, The temperature in the contact zone between the thermal 
probe point and the sulfide mineral surface was followed by means of the thermocouple formed by the point of the 
thermal probe and a nickel wire welded to the probe’close to the point of the latter, The thermo-emf measure- 
ments were made at different temperatures between room temperature and 400°, on galenite,chalcopyrite, molyb- 
denite and pyrites, The results of the thermo-emf measurements are given in Fig, 2, The thermal coefficient 
amounted to 200 pv/deg for galenite, 160 yv/deg for chalcopyrite, 110 v/ deg for pyrites, and 70 pv/deg for 
molybdenite, The high values of the thermo-emf indicate that the sulfide minerals are of the impurity type. In 
addition, the change in the sign of the thermo-emf showed that our specimens of galenite and chalcopyrite ,ex- 
hibited electronic conducticity, while the molybdenite and pyrites exhibited hole conductivity, For|the electronic 
semiconductors, the chemical potential level increases towards the lower boundary of the free zone with increase 
in donor impurity concentration, while for the hole semiconductors this level approaches the upper boundary of the 
valence zone, as a result of which the electron concentration in the free zone decreases, 


A simplified energy diagram for the process of attachment of xanthate to galenite in the presence of oxygen 
is shown in Fig, 3, In this scheme the energy of the boundary of the filled zone is denoted by Ej, and the energy 
of the boundaries of the free zone by Ez. The donor level of the impurity lead atoms is denoted by Ey, and the ac- 
ceptor level of the adsorbed oxygen by E,. In addition, the forbidden zone contains the chemical potential level 
corresponding to the change of the mineral from the electronic type to the hole type, ¢, and the energy level of 
the xanthate anion, 


In galenite of the electronic type, the concentration of electrons in the free zone (above E,), and also the 
position of the chemical potential level, depend on the concentration of interstitial impurity lead atoms, and can 
be calculated, for any specific case, from the relationship between the Fermi level and the free electron concen- 
tration, At small concentrations of impurity lead atoms, in the absence of electron degeneracy, which is quite 
probable for sulfide minerals, the Fermi-Dirac statistics can be replaced by Maxwell-Boltzmann statistics, In 
this case the relationship becomes 


n = Npyexp —(E, —9)/kT, 


where n is the concentration of electron formed by the ionization of the impurity lead atoms, Np, is the concen- 
tration of impurity lead atoms in the galenite, k is the Boltzmann constant, and T is the absolute temperature. 

As a result of the presence of free electrons on the galenite surface, a charge is produced, whose magnitude can 
be calculated using the Poisson equation, The increase in the magnitude of the surface potential produced by 
the free electrons creates a potential barrier which must be overcome by the xanthate anions if they are to attach 
themselves to the mineral surface, The attachment of xanthate to the galenite surface starts when the mineral 


changes from the electronic type to the hole type as a result of the production of acceptor levels of oxygen in the 
forbidden zone, 


The oxygen adsorbed on the galenite surface takes up electrons from the free zone in the ionization process, 
and in this way decreases the height of the potential barrier at the mineral surface 


1/0,» O%4,— 2e. 
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The decrease in the electron concentration depending on 


the oxygen concentration in the pulp is probably parabolic 
Y Wj Free zone Wi [3]. The height of the potential barrier, and hence the 
chemical potential level of the electrons,decreases gradu- 
" at ne ally with increase in the concentration of dissolved oxygen 
BS Nee in the pulp, and at the same time the probability that the 
Level of xanthate ths ally increases. 
anions Eq 
| aaasant At the point of intersection with the chemical po- 
& VI TTT UY, tential level corresponding to equal numbers of electrons 
“//4+ Filled zone fi and holes in the galenite, the potential barrier disappears 


and is replaced by a potential trough, whose depth in- 


Oxygen concentration creases with increase in the number of holes in the filled 
Fig. 3, Diagram illustrating the galenite energy zone (section bed in Fig, 3) At this moment the attach- 
levels, ment of xanthate to the galenite surface begins, with the 


formation of a chemical bond with the cation of the lat- 
tice, With further increase in the oxygen concentration, the concentration of holes increases so much that the elec- 
trons of the xanthate begin to be absorbed in extremely large quantities, and create conditions for the oxidation 
of xanthate to dixanthate, 


It should be noted that as a result of the nonuniformity of the galenite surface, the change from the electronic 
type of mineral to the hole type takes place in nonequilibrium fashion, so that we can expect that regions with hole 
conductivity and regions with electronic conductivity may exist together on the surface, leading to an irregular, 
patchy distribution of xanthate on the surface of the galenite particles, 
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The probability a of formation of a nucleus of a new phase in unit volume in unit time is exponentially de- 
pendent on the height of the energy barrier associated with the formation of an interphase boundary possessing a 
surface free energy o, If y is the coefficient of the shape of the nucleus, v, the molar volume of the new phase, 
Hy, the molar chemical potential of the dissolved substance, and jl, the molar chemical potential of the crystal 
produced, we have [1-3], 


(1) 


For nondissociated substances in dilute solution 


¢ equil 
Yi = RT In = RT In (2) 


where c is the concentration of dissolved substance and Ceqyj is the equilibrium concentration of the saturated 
solution, We then have 


c 
4 
(4) 
equil 


By measuring the concentration of the supersaturated solution c and the probability of formation of nuclei a, 
it is possible to determine the free surface-energyo from the slope of the straight line (4) with coordinates In a = 
= 1/1n{c/ 


For dissociated salts, the initial expression (2) for the chemical potentials should contain not the total con- 
centration of dissolved salt c but only the concentration of undissociated molecules in solution c* < c, This con- 
centration can in turn be determined from the law of mass action and the dissolved ion balance, 


We shall carry out the calculation for the specific case where the component C, which is crystallizing ,is 
dissociated in solution into two ions A and B according to the equation 


C=A+B (5) 


> 

: 
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From the law of mass action 


mole/liter 10° 


7 Ka’b’, (6) 
ta it is possible to represent the motive force of the crystalli- 
zation process in two equivalent forms 


c 
equil (Py 


— = RT In 


Fig. 1. Kinetics of the crystallization of gyp- 
sum at different degrees of supersaturation where 
Cca = Cso, t = 24°. 


is the product of the concentrations of the dissociated ions in equilibrium with the solid phase, 


Since the dissociation equilibrium is established almost instantaneously, the true concentrations of ions in 
solution a* and b* differ from their total concentrations a and b and are related by the following balance equa- 
tions 


c+a’=a, 


c+ = 6b. (9) 


By solving Eqs. (6) and (9) simultaneously, it is possible to find the values of a*, b*, and c*, and to sub- 
stitute these in (7') or (77), We then have 


1+ Ka-+ Xb —V (1+ Ka + Kb)* — 4K%ab 


— py = RT In 
Pa Vs 2Ke equil 


(10) 


For the stoichiometric relationship a = b = c for the ions, formula (10) is muchsimpler and becomes 


4-4 2Ke—V14 4ke 
Yi — Ye = RT In Ke (11) 


For sparingly dissociated salts Kc >>. 1, c* # c, and in the limit expression (11) becomes the same as formula 


(3) for nondissociated salts, In the opposite limiting case Kc «1, the dissociation is practically complete, a* s a, 
b* sb, and 


(12) 


It should be noted that for strong electrolytes the concentrations a and b should be replaced by the activities 
of the corresponding ions, It is possible to proceed in another way — by assuming on the basis of Eq. (12) that the 
equilibrium product of the concentrations L is itself a function of the concentrations of the dissolved ions and the 
ionic strength of the solution, This method has been used in our previous work [4], in which the method for cal- 
culating the value of L was developed, 


By substituting expression (12) in (1), we bring the latter to the form 


Ina =InA ; 
a (RT) int (13) 


700 min 00 — = RT RTIN (7) 
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This relationship has been studied experimentally for spon- 
taneous crystallization from supersaturated solutions of calcium 
sulfate dihydrate (gypsum) and monocalcium hydrosilicate, The 
supersaturation was achieved chemically by mixing appropriate 
solutions, with vigorous stirring. The gypsum was prepared using 
solutions of calcium chloride and potassium sulfate, and the mono- 
calcium hydrosilicate using solutions of calcium hydroxide and 
silicic acid, The initial concentrations of cation and anion, and 
their relative concentrations, were varied in different series of ex- 
periments, 


The decrease in supersaturation with time was measured by 


@ (5 20 Y 7] removing 2-3 ml samples at intervals by suction through a No, 4 
[ig S464) Sie: filter from 500 ml of the solution undergoing crystallization, The 
Fig. 2, The relationship between the filtrate was analyzed for calcium ions by complexometric titra- 


tion with Trilon B, and forsilicic acid by a colorimetric method 
using the colored complex formed with ammonium molybdate in 
sulfuric acid, In the crystallization of the calcium hydrosilicate, 
carbonization was avoided by preparing the solutions in boiled-out 
water, and by carrying out the experiments and the removal and 
storage of samples in an atmosphere of nitrogen, 


probability of formation of crystallites 
of calcium hydrosilicate and the degree 
of supersaturation at 24°, Series I) 
Csio, = const, # const,o,=24 
erg/cm?*; Series Il) Coin, # const; 
Cca = const; og = 19 er cm’; Series 
Ill) Cc,/ Csio, = 6 = const, Csjo, and Figure 1 shows the decrease in supersaturation with time for 
Coca # const, oy = 28 erg/ cm’, the crystallization of gypsum, The kinetic curves for the crystalli- 
zation of monocalcium hydrosilicate: have the same S-shaped form 
with a clearly-defined induction period r. 


In a previous work [3] it was shown that as a result of the very sharp decrease in a with decrease in the 
supersaturation, nuclei of the new phase are formed practically only at the start of the induction period, and after- 
wards grow with linear velocity \ = dl/dr, which changes comparatively little with change in supersaturation, 
The number of nuclei in unit volume is equal to 


(14) 


where the proportionality coefficient k is also only very slightly dependent on the supersaturation, 


The decrease in the supersaturation towards the end of the induction period r is equal to 


De = = (arty, (15) 


where p is the density and M the molecular weight of the substance crystallizing. 


In the experiments the induction periods were compared for identical, comparatively small, but accurately 
measurable reduction in the supersaturation, For gypsum, Ac was taken as 6+ 1074 mole / liter, and for monocal- 
cium hydrosilicate Ac was taken as 5° 1075 mole/ liter, Thus, from (15) we obtain a relationship between a and 
Tt of the form 


const 


(16) 


From (13) and (16) we obtain the relationship between r and the supersaturation 


4 


= const + 
(2,3 Ig? sake (17) 


in other words, log r should be a linear function of 1/log%(cacc/L). 
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Figure 2 shows this relationship for the kinetics of crystallization of monocalcium hydrosilicate. This figure 
shows that the experimental points for different series lie on straight lines, The slope of these straight lines cau 
be used to find the angular coefficient, which is equal to yo*v}, /(2.3 RT)*, 


By assuming y =4$m (sphere) and substituting the values of v, calculated from the literature data, we can 
calculate the effective value of o for the crystal/ solution interface. 


The average value of o calculated in this way for monocalcium hydrosilicate was found to be of the order 
of 24 erg/cm®, The average value of o for gypsum, determined in the same way, was found to be of the order of 
12 erg/cm?, which is close to the value of o previously obtained for gypsum by M, L, Chepelevetskii using a dif- 
ferent method, 


The authors wish to express their gratitude to M, L,Chepelevetskii for valuable discussion, 
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Some time ago one of the authors [1] prepared platinum possessing a high catalytic activity by bombarding 
aqueous solutions of platinum salts with a beam of fast electrons, The effects of ionizing radiation on solid com- 
plexes of platinum of various compositions and structures are examined in the present work , The only known 

work in this field is that of Halder [2], who studied the radiochemical effects of thermal neutrons on platinum com- 


Compound 


Synthesis 


Percent Pt 


calculated 


Potassium chloroplatinate Kg[PtCl,] 
Ammonium chloroplatinate (NH,)g[PtCl,] 
Potassium chloroplatinite Kg[PtCl,] 

Ammonium chloroplatinite, (NH,)g[PtCl,] 


Dichlorotetrammmine platinum (I]),* 
+ H,O 
Cis-dichlorodiammine platinum (II) 
Trans-dichlorodiammine platinum (II), 


* The sample was prepared in anhydrous state, 


He[PtCl,] + KCI 
Ha[PtCl,] + NH,Cl 


See [3] 
See [4] 


See [5] 


See [6] 


See [5] 


In Table 1, we have tabulated the compositions of the investigated compounds and the methods used to pre- 
pare them. We dried our samples for several hours at 120° in a desiccator, passed them through a sieve with 0.15 mm 
diameter holes, then dried them again under a reduced pressure (4 mm of Hg) at 56°C in a drying pistol. 


40.16 
43,97 
47,04 
52,32 


55.42 


65.03 


65.03 
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Integral radiation dosage 

Fig. 1. Schematic diagram of the Fig. 2, The decomposition of salts under the im- 
reaction cell; 1) glass cell; 2) pact of high-energy electrons as a function of 
mica window; 3) thermocouple integral dosage; 1) (NHg)9[PtClg]; 2) [Pt(NHg), JCl,; 
pocket; 4) gas inlet; 5) gas out- 3) cis-[Pt(NHg)gCl,]; 4) trans-[Pt(NHg)2}Cly. Ex- 
let; 6) condenser, perimental temperature 145-150", 


Percent decomposition 


TABLE 2 A 1.0 Mev linear accelerator served as a radiation source 

Yield of A weighed sample of the compound (an approximately 2mm 

thick layer weighing about 0,2 g) was placed in a thermally regul- 

ated glass cell (20 mm in diameter) which had a side pocket for 

Initial yield the thermocouple and two outlets for the circulating gas. The cell 
was covered with a 8-10 y thick mica window (Fig. 1). 


Irradiated Complexes 


Compound of Pt, atoms/ 


/100 ev A 0.8 Mev electron beam was totally absorbed by the inves- 
tigated salts, The electron current intensity in the reaction cell 


(NH,)g[PtCl,] 0,090 was measured by means of a Faraday commutator, which had an 
inlet of the same size as the cell window, The measured integral 
l 
dosage was in the range from 10**- 10” ev/g, The dose intensity 
Ka[PtClJ 0.018 was 5-10'°-10” ev/g: sec, 


(Pt( NH), }Cl, 0,047 The experiments were carried out at constant temperature 
: in a stream of dry argon, The irradiation temperature was 90-95° 
for the ammonium chloroplatinites, and 145-150° 
Trans-[Pt(NHg)9Cl»] 0.338 for the remaining salts, The energy lost by the absorbed electrons 
raised the temperature of the irradiated samples, Preliminary ex- 
periments showed that the investigated salts were stable at the 
indicated temperatures when not exposed to the radiation, 


After irradiation the samples were dissolved in water, Slightly soluble salts were treated with hot water, 
The freed platinum metal was filtered out and determined gravimetrically, The experimental results are shown 
in Figs, 2 and 3, The initial yields are given in Table 2, 


Under the impact of fast electrons the investigated platinum salts were readily reduced to platinum metal, 
Potassium chloroplatinate constitutes an exception since no detectable changes were observed under our experi- 
mental conditions and dosage, The reduction of ammonium chloroplatinate is not very extensive either, Salts 
of divalent platinum are much more readily decomposed than are those of tetravalent platinum, In the range of 
dosage from 107-5 . 10° ev/ g the extent of decomposition of Pt** complexes increases with the dosage. When 
the integral dosage is further increased the extent of decomposition remains constant. As can be seen in Figs, 2 
and 3, the percent decomposition depends on the type of salt, Ammonium salts decompose much more readily 
than do potassium salts, Complexes having dissimilar ligands in the innersphere decompose faster than do salts 
with one type of ligand, For example, we observed 5% decomposition in cis-[Pt(NHg)gClg] and 7% in trans- 
[Pt(NHg)gClp] under our experimental conditions, but only 3% decomposition in [Pt(NHg),JCl, under identical con- 
ditions, Thus, stereoisomerism also affects the radiochemical stability of complexes, 
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It is noteworthy that the decomposition practically ceases 
after a certain integral radiation dosage has been absorbed. In one 
set of experiments irradiated K,[PtCl,] and (NH,)s[PtCl,] samples 
were thoroughly reground and again exposed to radiation. Yet the 
salts still failed to show any increase in the extent of reduction, 


position 


7 


1 i. 
i ee 6-0'ev/g One could assume that at high integral radiation dosages a 
a. Integral radiation dosage” reverse reaction comes into play — the newly formed platinum 
metal is oxidized by the atomic chlorine which is liberated from 
the irradiated compound, The fact that complexes containing re- 
ducing agents (NH, or the cation NH,*) in their inner sphere de- 
compose much more readily then do complexes containing only 
chlorides in their inner sphere would tend to support this assumption, 
We also found qualitative evidence for the presence of NH,Cl and 
free chlorine in the gas which was passed through the cell containing 
the irradiated samples, 


ercent decom 


Fig. 3, The decomposition of potas- 
sium (1) and ammonium (2) chloro- 
platinites under the impact of high 
energy electrons, Experimental tem- 
perature 90-95°C, 


Aqueous solutions of platinum complexes begin to undergo decomposition at radiation dosages considerably 
below those required for the solid salts. A solution of [Pt(NHg),4}Cl, undergoes 8.7% decomposition at a dosage of 
1.510"! ev/ ml and 17.4% at a dosage of 3- 107 ev/ml, Salts dried at room temperature also decompose more 
readily than do salts dried in vacuo at higher temperatures, Thus, K,PtCl, dried at room temperature undergoes 


11% reduction at a dosage of 7-10 ev/g. In most samples the reduction is probably induced by the products 
of water radiolysis, : 
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The tensile stresses which accompany the corrosive action of solutions on metals are clearly manifested in 


the corrosion cracking, which is a form of destructive corrosion of metals. : 
eer ae Of the numerous mechanisms proposed to explain corrosion 
45 cracking, the most universally accepted one is based on the electro- 
2 PR BET. chemical theory; the process is attributed to a highly increased anodic 
2 solubility inside the crack of a metal under mechanical stress, A de- 
Oy tailed treatment of this theory was presented in foreign chemical liter- a 
aol ature (Mears, Brown, and Dix [1], and Harwood [2]) and in some 
Yh Soviet papers (A. V. Ryabchenkov and co-workers [3, 4]), The re- 
" Ob} / duction of metallic strength caused by adsorption, which was dis- 
covered by P, A, Rebinder and co-workers [5, 6], is also very import- 


005 . OIS 02 025 ma/cm2 ant in the corrosion cracking of metals, 
@ 


Fig. 1. Anodic polarization of a Thus, the mechanical strains, the electrochemical anodic solu- 


MA2-1 alloy under conditions where 
the current is constantly increased 
at the rate of 0,1 ma/cm?.sec, 

1) Without stress; 2) during the de- 
velopment of a corrosion crack, 


tion of metals, and the effects of adsorption on the metal strength 
constitute the principal factors in the corrosion cracking of metals, 


In the present work we have examined the electrochemical 
factors in the corrosion cracking of metals, According to the electro- 
chemical theory the corrosion crack spreads as a result of a greatly 


enhanced anodic reaction inside the crack, This hypothesis is based on the observed oxidation potential drop when 
a stress is applied to the metal and the crack expands, However, there are no quantitative data on the extent to 
which the anodic reaction is enhanced during the expansion of a corrosion crack, Since the crack usually develops 
in a very short period of time, it was impossible to investigate the polarizability at various stages of crack propa- 
gation by recording the polarization curves in the usual manner, whereby a steady potential is established at fixed 


current densities, 


In the present work, by using automatic recotding devices and a square-wave current, we recorded the po- 
tential and the pulse polarization and determined the exact electrode potential at the apex of the expanding 
crack; the resulting data enabled us to calculate precisely to what extent the anodic reaction was enhanced at 
any given instant from the time that the crack arose until the metal had completely disintegrated, 


We used in our work an MA2-1 type of alloy of the following composition: Al 4.5%; Zn 1.1%; Mn 0.6%; 
Mg the balance. Its tensile strength was 28.1 kg/ mm?, proportionality limit 17.2 kg/ mm’, Though this alloy is 
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fairly resistant to corrosion it shows a very strong ten- 
dency to undergo corrosion cracking in many media, 
Experiments were carried out on flat samples, which 
were cut out from a sheet along the lines of rolling, 
The working portion of the sample had a cross section 
of 5x 1mm?, The tensile stress remained constant 
during the experiment and had the value of 15 kg/ 

/ mm? of the original cross section, Before each test 
the samples were subjected to the following treatment. 
After a mechanical polishing with No, 14 emery cloth 
the samples were dipped for 30 sec in 20% NaOH at 
90°, then washed thoroughly with distilled water, and 
left for 48 hours in a desiccator, Another batch of 
samples was subjected to anodic passivation for 30 
min atl, = 1 amp/ dm? and 80°C in a 240 g/ liter 
solution of NaOH after the mechanical polishing. 
These samples were subsequently washed with dis- 
tilled water and left in a desiccator for 48 hours, The 
potential was automatically recorded on the photocell 
of a C.R, oscilloscope which had an electronic ampli- 
fier and an input resistance of 10'° ohms [7]. The 
Fig, 2, The decline in the potential (discharge) potential inside the crack was measured by means of a 
of a MA2-1 alloy with time after the outside anodic glass capillary with an internal diameter of 3-5 yp. 
current is disconnected; a) air-oxidized surface; The tip of the capillary was placed directly above 

b) anodized surface, 1) Before the application of the apex of the crack (not higher than 1-2 p) with 
stress; 2, 3,4, 5, 6, 7) correspond to 10, 20, 40, the help of a micromanipulator and was constantly 
60, 80, and 100 sec, respectively, after the crack moved to accompany the expanding crack, 


develops, 
Data on the extent of polarization in an alloy 
of the polarization current, 


during the expansion of a crack yield the polarization 

curves which were recorded at a direct and rapidly 

increasing polarization current (0.1 ma/ cm? - sec); 
the potential was recorded automatically with thehelp of a photocell on an oscillograph, The results obtained 
on an air-oxidized MA2-1 alloy in a solution containing 20 g/liter KyCrO, + 35 g/liter NaCl are shown in Fig. 1. 
The figure shows that in the absence of mechanical stresses (curve 1) the polarization of the alloy at current den- 
sities below 0.1 ma/cm? is relatively light, 5800 v-cm?/ amp on the average, The anodic curve recorded during 
the expansion of the crack (curve 2) shows that inside the crack the polarizability was strongly reduced and did 
not exceed 450-500 v- cm?/ amp in the same range of current densities, Thus, even this method makes it quite 
obvious that the expansion of the corrosion crack is accompanied by a decline in anodic polarization inside the 
crack to one tenth of the initial value. More precise quantitative data on the decreased anodic polarization 
resistance at any time after the corrosion cracking sets in and before a complete disintegration of the sample takes 
place yielded pulse polarization values, 


20m sec 


Since each electrochemical cell constitutes a system composed of a condenser with the capacitance C and 
a total resistance R in parallel, the discharge (or charge ) rate will depend on the magnitude of C and R, The 
potential drop accompanying the discharge is connected with the electrochemical reaction taking place and at a 
fixed C and will be determined by the resistance R, which consists of a sum of the polarization (P) and ohmic 
(Rohm) resistances ; R= P + Rohm* In strongly conducting solutions Rohm < R,and, consequently, we can assume 
that R « P, Thus, during the anodic polarization the total resistance R essentially involves only the polarization 
resistance of the anodic process which in this case is denoted by P,. 


The potential drop AE;(v) within the time interval (sec) after the external polarization current ig (ma/cm?) 
is turned on can be determined [8] from the equation; 


AE, =6-In 1), 
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where C is the electrode capacitance (f) and b is the coef- 
ficient of the Tafel's equation for an anodic reaction, If we 
know ip and AE; (from the experimental discharge curves) 

we Can use the equation to determine the electrode capaci- 
tance at any stage in the development of the corrosion crack, 


In Fig. 2 we have plotted a series of discharge curves 
(for an MA2~1 alloy in a solution of 20 g/liter K,CrO, + 35 
g/liter NaCl) obtained when a square-wave current was used 
to produce anodic pulse polarization; the current was varied 
from 0-0.5 ma/cm?, The curves correspond to different times 
in the development of the crack. Curves 1,a and 1,b re - 
present samples before the application of stress; curves 7,a 
and 7,b were recorded at 1-2 sec before the disintegration of 
the sample, An analysis of the curves in Fig. 2 indicates 
that they can be fairly well represented by the discharge equa- 
tion for a condenser C in parallel with a resistance R; 


BE. = *, 


/ i i i. i. 
4 40 60 8 sec 
Crack propagation time ——~- where E; is the potential (v) at time r (sec) after the current 
Fig. 8, The anodic polarteation of the is turned off; E, is the potential before the current is turned 


off. In our case the resistance R represents the anodic polar- 


MA2-1 alloy as a function of time during ization resistance P 
ae 


the expansion of the corrosion crack; a) 


air-oxidized surface; b) anodized surface, One can readily show that when r = P,C then Er = 

1, 2, 3) Corresponding to samples with work- 0.63 Eo, or in other words the potential declines to 63% of Ep. 
ing surfaces of 0,5, 0.05, and 0,005 cm? res- Next, after determining the potential drop during a full dis- 
pectively, charge from the curve in Fig, 2 we can evaluate the product 


P,C, as the time during which the system undergoes 63% dis- 
charge. Hence, if we know the value of P,C and C at each stage, we can determine P,. 


Figure 3 shows the anodic polarization at various stages in the development of a corrosion crack in the inves- 
tigated alloy MA2-1, in a solution of 20 g/liter KgCrO, + 35 g/liter NaCl, The curves indicate that the crack ex- 
pansion is accompanied by a considerable decline in the anodic polarizability at the apex of the crack, When the 
intial surfaces are very small (0.005 cm?) and the inside area of the crack is comparable in magnitude to the 
total working surface, the anodic polarization changes from 6+ 10° v *cm?/ amp to 15-20 v+cm*/ amp on air- 
oxidized samples and from 10° v+ cm?*/ amp to 20-25 v> cm*/amp on anodized surfaces, 


On the basis of these results one may presume that the extremely sharp decline in the anodic polarization 
(by six orders of magnitude) in the zone of cracking is chiefly responsible for the propagation of corrosion cracks. 
If all other conditions are maintained similar while the initial working surface is reduced the anodic polarization 
will undergo an even greater decline during the crack expansion, As the initial working surface is reduced the 
anodic zone, though its average area remains constant, will constitute a larger fraction of the tota: working sur- 


face and consequently, the decline in anodic polarizability (computed for the entire working surface) becomes 
more pronounced, 


One can visually (with the help of a microscope) detect a very vigorous evolution of hydrogen 10-20 p 
ahead of the visible peak of the crack, The hydrogen in these zones is evolved in the form of staggered “spouts” 
from underneath the oxide film on the metal surface, The amount of hydrogen evolved along both sides of the 


visible peak of the crack is insignificant, Practically no hydrogen is evolved along the crack walls at distances 
beyond 40-50 pu from the apex, 


The experimental data lead to some definite conclusions with regards to the kinetics of the corrosion crack 
propagation, The appearance of a crack is accompanied by a strong (and abrupt) decline of the anodic polariz- 
ability. Subsequently, the anodic polarizability decreases much slower, This indicates that not the entire crack 
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constitutes an effective anode during the corrosion cracking,but only a relatively small segment concentrated 
around its peak. The slow decline in the anodic polarizability , observed during the crack propagation, indicates 
that as the crack expands, the anodic effectiveness of its side surface gradually declines at a distance from the 
apex, 


Visual observation shows that segments of metal outside tne crack but adjoining the apex of a steadily ex- 
panding corrosion crack constitute the most efficient cathodes, 


Thus, the large experimentally demonstrated decline in anodic polarizability (by 5-6 orders of magnitude) 
and the concentration of the effective anodic zone at the apex of the corrosion crack constitute the two funda- 
mental electrochemical factors on which the corrosion cracking of metals depends, 
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The majority of complex organic compounds, particularly dyes, have very low vapor pressures at ordinary 
temperatures, This explains why there is no data on the first ionization potentials of many important classes of 
compounds in the vapor phase, We previously determined the first adiabatic ionization potential of several 
volatile compounds by using the photoionization technique [1]. In the present work we obtained the ionization 
potentials of nonvolatile compounds by using the same technique, with the exception that the ionization cell 
(40 mm in diameter, 50 mm long) was dismountable and made of metal, All the leads had teflon seals and in- 
sulating jackets, The cell was constructed in such a way that the investigated samples could be heated to 250°C, 


TABLE 1 The ionization potentials |, previously re- 
ported and the new data are compiled in Tables 
Absorption Bands and First Ionization Potentials of Cer- 1 and 2*, Due to the fact that in the present 
tain Dyes in the Vapor Phase work we did not measure the amount of absorbed 
radiation and used greater slit-widths in the 
Dye de Ip monochromator (the resolution was about 5 A) to 
improve the sensitivity, we failed to detect any 
Rhodanine 6-G 5300| — | 7,28] 4,9 | — inflection points on the ionization curves of most 
2,55 of the measured compounds, and consequently, 
Indigo red 5390 | 4975 | 7 99/509 14.8 Ip in Tables 1 and 2'corresponds to the photoioni- 
threshold k would indi 
Indigo blue 6048) _ jaazisa | — zation threshold, Previous work wou cate 
2,07 {1} that these values may be several hundredths of 
the adiabatic ionization 
ta 5506 | 5146 an electron volt below the a 
| 2,45 | 7,35*/ 5,05 | 4,9 potentials, The errors in the determination of the 


Pinacyanol po — (7,285.3 | — red photoionization boundary did not exceed 


0.03 ev. In Tables 1 and 2 we have also listed 
the positions of A,, Ag, and Ag for the first ab- 


* On the red side there isa region of low ionization 
yield below 7.2 ev, : 
** The low ionization yield region extends to 7, 1ev. 


angstroms and electron volts, We know that these 
bands are not displaced when the compounds are 
examined in the vapor phase, In the last three columns we have listed the differences between the ionization po- 
tentials and the positions of the corresponding absorption bands, in electron volts, 


* V. 1, Kleimenov, a candidate for an advanced degree, took part in these determinations, 


a 
A 


Tables 1 and 2 show that within each series of compounds the regular decrease of ionization potentia! is ac- 
companied by a simultaneous displacement of the first absorption band in the direction of longer wave-lengths, 
Acetophenone constitutes an exception since its |, is somewhat higher than that of benzaldehyde, For each class 
of compounds the differences between the ionization potentials and the corresponding absorption bands remain 
constant with an accuracy of 0,1-0,2 ev, This empirical rule may be used, with certain reservations, to estimate 
the ionization potentials from the location of the first absorption bands of the higher members within each series 
if the ionization potentials of the lower members have been accurately determined. However, our data show that 
values of l,— A, have a considerable variance among compounds of different classes, by as much as 2 ev, Thus, 
for the linear polycyclic hydrocarbons from benzene to naphthalene the difference is 4.1-4.3 ev, whereas for qui- 
none and anthraquinone it is 6,1-6.3 ev, It is noteworthy that the ionization potentials of various dyes listed in 
Table 2 differ very little from each other and yield a red photoionization boundary slightly over 7 ev, Similar 
observations have been reported before [3}; it has been shown that the photoemission of various dyes increases 
sharply in the vicinity of 2000 A, which corresponds to a photon energy of 6 ev. 


It is interesting to compare our results with the indirectly determined ionization potentials of polymethine 
dyes recently reported by Scheibe and co-workers [4], These workers found that the absorption bands in the spectra 
of polymethine dyes form a series which is in good agreement with Rydberg's equation: They assumed that the first 
excited level in the dye molecule is 3.4 ev below the ionization boundary, just as in the case of a hydrogen atom. 
In their opinion a conjugated electronic m-system can only exist in the ground state, Excitation of the electron 
to the first excited level of the molecule results in a complete uncoupling of the conjugated system, and the elec- 
tronfinds itself in the field of a positive molecular frame thus resembling an electron in the hydrogen system, 
Consequently, a very simple equation is proposed for calculating the ionization potential; b = E+ 3.4 ev, where 
E is the energy difference between the ground and the first excited level, 


Hydrogen-like series of absorption bands were discovered in the spectra of many classes of organic com- 
pounds but only in the vacuum ultraviolet region, i.e., at excitation energies above 6 ev. This serial dependence 
was successfully used for the determination of the first adiabatic ionization potentials of several classes of com- 
pounds, Spectroscopically determined ionization potentials conform to the molecular structure and are in good 
agreement with the values of I, obtained by direct photoionization measurements, However, Price's and Wood's 
work [5] shows that even in the spectra of such simple compounds as aliphatic hydrocarbons and alkyl.derivatives 
of benzene the first terms of the Rydberg's series are displaced to such an extent that it is difficult to identify 
them; hence, it seems that the hydrogen-like treatment is only valid for the higher members of each series, It 
has also been shown [6] that when the ground state of these same molecules is lowered all the terms decrease 
and the decrease becomes more pronounced for the higher terms, bringing them closer to the normal ionic level, 
or in other words, the bands of the higher members of each homologous series should converge much more rapidly 
to the continuum than the bands of the lower members, We in turn showed [1] that the above-mentioned 
tule can be extended to other benzene derivatives, such as aromatic amines, phenols, etc, Finally, Price and 
Walsh [7] have very clearly demonstrated that within the series; ethylene, butadiene, and hexatriene the displace- 


ment of the N~V, band towards longer wave-lengths proceeds 1.2 times as fast as the accompanying decrease 
of ionization potential, 


It still remains an open question whether the regular property changes established by Scheibe pertain to 
the vapor phase or to molecules located in a medium with a high dielectric constant, which is known to decrease 
the ionization energy, Hence, considering the above-established relationship between [, and E we cannot regard 
the ionization potentials given by Scheibe as very reliable, We measured the photoemission of electrons from 


compact layers of various dyes and found that the work functions of these molecular systems were all at least 6 ev 
in magnitude, 


The ionization potentials of several dyes and other complex molecules listed in this work indicate that the 


ionization potentials calculated from Scheibe's equation are usually too low and have to be used with certain re- 
servations, 


The author is deeply indebted to Academician A, N, Terenin for his constant interest and valuable advice 
during the work, 


TABLE 2 


Absorption Bands and the First Ionization Potential of Complex Organic Molecules 


Benzene 2550 | 1980 | 1800 
0 4,9 6,25 6,9 9—24 4,3 3,0 2,3 
Naphthalene 3140 | 2750 | 2200 
OO 4,0] 5,65 | 814 | 4,15 | 3,65 | 2,5 
Anthracene 3800 | — | 2500 
COO 3,26 5,0 | 238) | — | 2,4 
idine 2500 | 1900 | — 
is 0 5,0 6,4 9,40 4,4 3,0 _ 
Quin 31410 | 2750} — 
(0 4,0 4,5 8,30 4,3 3,8 
N 
Acridin 3470 | 2520! — 
3,55] 4,9 7,78 | 4,23 | 2,9 
Quinone 4200 | 3000 | 2500 
3,35 | 4,7| 5,65 | 9°88) 6.3 | 5,0 | 4,0 
Anthraquinone 4400 | 3230 | — 
3,2| 4,4 9,34 | 6,4 | 5,0 
| NH, 
a -Naphthylamine 3200 | 2400| — 
3,9| 5,2 7,30 | 3,4 | 2,4 
“Na amine 
3,7| 4,4] 5,7} 725 | 3,55 | 2,85 | 1,55 
H 
| 
Benzaldehyd Vag 3280 | 2800 | 2440 
zaldehyde 3,8 | 4,45 | 5,1 | 9:60) 5.8 | 5,15 | 4,5 
CHs 
re) 
Acetophenone és 3190 | 2780 | 2440 
ph 3.91 4.45 | 5.1 | 965 | 5.75 | 5,2 | 4,55 
c=0 3300| — | 2520 
Benzophenone cs 3,75 4,9 | 4515.7 | — | 4,55 


= 
q 
2 
: 
4 
: 
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The first attempt to electroplate titanium from aqueous and nonaqueous solutions of its salts was made in 


1901. However, the chemical and electrochemical properties of titanium and the practical uses of the metal had 
not been adequately investigated prior to 1948, Until very recently the research was concentrated primarily on 


Current yield 
& & 8 8 Be 


5 0 & 
Electrolysis time 
Fig. 1. The current yield as 
a function of the electrolysis 
time, in alkaline electrolytes 
at 20° and d, = 20 amp/ dm? 
I) Lead cathode; II) copper 
cathode; IID) platinum cathode; 
a) the yield of metal with re- 
ference to a gasometrically 
determined current; b) the 
yield of metal based on the 
current as determined from 
the titanium weight, 


Ti” +e->Ti™ —0,37v 


the investigation of the corrosion properties of Ti, with very little work 
devoted to the surface treatment, 


The metal is prepared by the reduction of titanium oxides with 
aluminum or carbides, the decomposition of Til, at high temperatures, 
the reduction of TiCl, with magnesium, and the electrolysis of fused 
titanium fluoborate or chlorides mixed with alkali metals, According to 
the literature data [1], the last method is currently the most widely used 
one, The industrial preparation of titanium by the electrolysis of fused 
salts involves great difficulties, However, the electrolysis of aqueous solu- 
tions of titanium salts would be the most convenient and cheapest method 
of preparing titanium plates, Since this problem has not been adequately 
explored, the chemical literature is of very little help, 


Before deciding whether titanium can be plated on the cathode, 
one has to know the following important electrochemical properties; the 
standard electrode potential (the position of the metal in the oxidation 
potential scale) and the overvoltage of hydrogen, The standard oxidation 
potential of titanium, Ep), calculated by Botts and Krauskopf [2] from the 
measured potentials in 0.25 M Ti,(SO,), and in TiCl,, is -0,168 and 
—0.218 v, respectively, The standard oxidation potential of the Ti***/ Ti’ 
system was also calculated from otherexperimental data [3]. The value 
was ~0,355 v. The potential was measured in unpolarized electrodes in 
0.0215 M Tig(SO,)3, at 19° under argon, According to Latimer [4] the 
standard oxidation potential for the Tit++/ Ti? system can be calculated 
thermodynamically from the following set of reactions; 


Ti™ + 3e — Ti® = 


ae 

Oe 

I 

I 

= 

> 


+ 2e-—>Ti® = = — 1,63 v, 


The thermodynamically calculated potential of the Ti***/ T° system is —1.3 v [5]. According to the cal- 
culations titanium should lie between aluminum and magnesium in the electronegativity series, whereas the ex- 
perimentally determined oxidation potentials place it between cadmium and cobalt, The discrepancy between 
the experimental and the theoretical values of Ey is attributed to the irreversibility of the titanium electrode. It 
seems that the position between aluminum and manganese in the electronegativity series is more correct. 


During the study of titanium corrosion it was established [5-9] that the formation of a passive film on the 
electrode surface reduces the oxidation potential of titanium considerably below the value obtained when the 
film is destroyed by the electrolyte, A kinetic study of the evolution of hydrogen on titanium was also of some 
interest, As is well known [10], one mole of titanium can absorb 2 moles of hydrogen at 20°, but at higher tem- 
peratures the absorption is reduced and only 0.2 moles are taken up at 1100°C [11], It is usually assumed that 
metals capable of absorbing large quantities of hydrogen have low hydrogen overvoltages, It has been established 
that in 0,01N H,SO, the minimum hydrogen overvoltage on Ti is 0.236 v [12], The data of Tajima and others 


[13, 14] indicate that the hydrogen overvoltage on titanium is much higher in alkaline solutions than in acidic 
(—1.3 v). 


Thus, judging by the position of Ti in the electronegativity series (between aluminum and manganese) it 
should be possible to plate Ti out of nonaqueous organic or aqueous solutions of its sa'ts (as isdone with aluminum) 


under conditions of high hydrogen overvoltage, It is quite obvious that alkaline solutions are more suitable for this 
since the overvoltage of hydrogen on titanium can then be made very large, 


EXPERIMENTAL 


Alkaline Electrolytes, We tried to prepare the alkaline solutions of the following salts; sodium, manganous, 
chromic, and ferric metatitanates, As it turned out all the metatitanates were poorly soluble in sodium hydroxide 
(up to 6-8 g/ liter of Ti) and were readily hydrolyzed, We investigated the solubility of sodium metatitanate and 
the stability of the solution as a function of the base concentration, leaching time, temperature, stirring velocity, 
and amount of organic additives, These experiments revealed that the solubility of metatitanates increases con- 
siderably (to 15-20 g/ liter) when certain organic compounds are added to the alkaline solution, probably due to 
the formation of more soluble Ti compounds, At higher temperatures (above 50°C) the solubility of metatitanates 
declines, which is probably due to the decomposition of the organotitanium compounds, The maximum Ti solubil- 
ity (15-20 g of metal per liter of solution) was obtained by leaching sodium metatitanate at 50°C with stirring 
(mechanical stirrer) in a 20-30% NaOH solution to which some organic compounds were added, After the leaching 
the resulting solution was filtered to remove any undissolved sodium metatitanate, Chemical analysis indicates 


that in alkaline solutions the Ti is present in the form of tetravalent ions, We used copper, brass, platinum, and 
lead cathodes, and stainless steel and platinum anodes, 


The current yields were determined in two ways; gasometrically, from the amount of hydrogen evolved 
(measured at minute intervals), and gravimetrically, In the gravimetric method the amount of Ti was determined 
by analyzing the solution resulting after the deposit was removed from the cathode, It turned out that regardless 
of the metal used for the cathode , the current yield declines during the electrolysis from about 60-0.5% within 
20-30 min, Only the starting point of the electrolysis shows slight dependence on the cathode materials, After 
the cathode becomes entirely covered with titanium only hydrogen is evolved, which seems to be due to a very 
low hydrogen overvoltage on Ti. The current yield decreases with increasing current density and temperature. 


The resulting coat of pure titanium metal is 3-4 pw thick, When a stainless steel anode is used, traces of 
iron and chromium appear in the deposit and the coat becomes 15 yp thick, 


Acidic Electrolytes, In acidic solutions of fluorides the Ti exists in the form of trivalent and tetravalent 
ions, There are some indications in the literature [14] that the electrolysis of such solutions first reduces the Ti 
to the divalent state, In order to find out which titanium ion is reduced to the metal, in one case we electrolyzed 
a solution containing trivalent titanium exclusively and in another a solution of just the tetravalent ions, It turned 
out that no metal was deposited on the cathode of the solutions containing the tetravalention, The entire current 
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Electrolysis time 
Fig. 2. The current yield of ti- 
tanium as a function of electrolysis 
time in acidic electrolytes at 20°C 
andd,=10 amp/dm?, I) Lead cathode; 
II) copper cathode; III) platinum cath- 
ode; the letters are defined in Fig. 1. 


To study the distribution of the current consumed in the reactions; Tit + 1*; Ti + Ti®; 2H* + H,'t, we 
filled the cathode compartment with a solution containing trivalent and tetravalent Ti ions in the ratio 7:1. 
This ratio corresponds to the equilibrium which is normally established in solutions of trivalent titanium when the 


work is done in air, 
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Surface-active agents; gelatin, glue, and glycol have no apparent effect on the current yield of metal, The 
pure titanium deposit was 3-4 yp thick. 


Coll, Translations, Special State Planning Institute [in Russian] (Tekhnicheskii Otdel., Moscow, 1958), 


By Shunichi Satoh and Koshin Jamane, J, Scient, Res, Inst, 50, 134(1956), 
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was consumed in the production of hydrogen and a partial reduction of 
tetravalent titanium to trivalent; only after the ionic concentrations 
attained the ratio Ti**** Ti*** =1 - 1 did'some Ti metal begin to de- 
post on the cathode, We failed to detect the formation of any divalent 
titanium in solution, 


We also proved that the titanium deposited on the cathode does 
not redissolve during the electrolysis, Just as in the case of the alkaline 
solutions only the initial current yield depends slightly on the cathode 
material, After the entire cathode surface becomes coated with Ti, 
the yield of metal for a given amount of current declines, though to 
a smaller extent than in alkaline electrolytes; it seems that this dif- 
ference can be accounted for by the fact that the deposits obtained 
in acidic electrolytes are more porous, The current yields of metal 
were determined in a H-shaped vessel in an atmosphere of argon and 
with the cathode compartment separated from the anode by a glass 
diaphragm, The vessel was made completely gas-tight, The anode 
compartment was filled with a solution of potassium fluoride, slightly 
acidified with fluoboric acid, 
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Several workers [1-3] have proposed that the passivation of zinc may be caused by the formation of a solid 
film of zinc oxide or hydroxide; the initiation of passivation has also been occasionally connected with electrode 
processes in the solution layer adjoining the electrode, Yet the formation mechanism and the nature of the pas- 
sivating film are still unknown, To be more specific, there are no papers covering any quantitative aspects of 
the diffusion phenomena connected with passivation, 


m coul ~!/cm? 


“4 


ige 
Fig. 1.1/Q ass 2 4 function of the anodic cur- Fig. 2. Anodic static potential polarization curves 
rent density i in KOH solutions; 1) 1.5 N; 2) in KOH solutions; 1) 1N; 2) 0.5N; 3) 0,25 N; 


1 N; 3) 0.75 N; 4)0.5N; 5) 0.25 N; 6)0.1N. 4) 0.1 N; 5) 0.03 N, 


In the present work we hoped to find out what effects the composition of the solution layer next to the elec- 
trode might have on the passivation of zinc and also establish the nature of the passivating layer covering the 
zinc in order to determine the effects of adsorbed oxygen and of the oxide layer on the passivation of zinc, In 
investigating the anodic behavior of zinc in KOH solutions we recorded the curves of voltage against time (¢~ t) 
on an oscillograph at constant current densities using a rotating disc electrode, The amount of current required 
to achieve passivation Q om itp (where i is current density and tp passivation time) was determined as a func- 
tion of current density, base concentration, and stirring velocity, In addition to this, we measured the electro- 
static polarizations, which could be used to determine the solution rates of active and passive zinc as a function 
of voltage and help define the range of potentials at which passivation takes place, We also recorded some activ- 


ation curves of a passive zinc cathode which enabled us to determine the point at which the reduction of the solid 
film begins, 


In Fig, 1, we have plotted 1/ Qpass a8 a function of i; the points were obtained from oscillographic measure- 
ments at constant current densities*, At moderate current densities a linear relationship between 1/ Qpass and i 


° Qpass is the average (of 10-12 measurements) quantity of charge in mcoul/ cm?, 


= 
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is observed, similar to that previously reported by other 


workers [2, 3]. Our experiments indicate that Q ass 
ore 5 76 is independent of the stirring velocity in the range 
-{0 from 60 to 5000 rpm when the polarization is carried 
out at moderate and high current densities, At lower 
“Q5 current densities the indicated linearity disappears and 
a large Qpass (40-200 mcoul/ cm?) is required to 
a achieve passivation, In this case Qpass increases with 
05 increasing stirring velocity, At low current densities, 
: particularly when the stirring is vigorous (3000-5000 
{0 rpm), no passivation is observed in concentrated solu- 
tion of 0,5-2.5 N KOH. Calculations revealed that 
{5 at moderate and high current densities the passivation 
20 j time is shorter than the time required to attain steady 
0 1 ? 2m Chul/int diffusion, This would explain why Qpass is independent 
a of stirring velocity, since initially stirring has very 
Fig. 3. The increase in voltage after 60 min of little effect on the velocity of nonstationary diffusion, 
passivation at a 0,017 mamp/ cm? cathodic cur- The Qpass is found to increase rapidly with the stirring 
rent density and at various constant potentials; velocity when the current density and the stirring rate 
1) — 1.1 v and —0.9v; 2) -0.7 v; 3) -0.3 v; are such that the passivation time is either greater or 
4)+0.1v; 5)4+0.5v; 6)4+1.3v; 7)4+2.1 comparable in magnitude to the time required to at- 
tain steady diffusion, 


At high current densities (see Fig. 1) Qhass is practically independent of the polarization current density. 


Experimental data indicate that certain changes in the concentrations of alkali and zincate have to take 
place in the vicinity of the electrode before the passivation can set in, At low current densities and rapid stirring 
the required concentration changes do not occur, and even after steady diffusion is achieved no passivation of zinc 
is observed, The experimental results can be readily explained if we assume that at moderate current densities 
a portion (Q,) of the current which is needed for the passivation is used to dissolve the zinc and produce the ac- 
companying changes in OH” ion and zincate ion concentrations, while another portion (Q,) (probably independent 
of current density) is consumed in altering the zinc electrode surface so as to produce the passivation. 


At high current densities Q, becomes very small and the measured amount of current (required for that passiv- 
ation) Qpass approaches Q», Experiments show that at high current densities Qhasg is directly proportional to the 
alkali concentration, In very dilute solutions (0,01; 0.03 N KOH as well as 0,1 N KOH saturated with the zincate) 
Qpass is nd pee regi equal to 1 mcoul/cm*, If we take a roughness coefficient of 2.5-3 and assume that about 
0.5 mcoul/ cm? is required to adsorb a monomolecular layer of oxygen then our data would indicate that, in dilute 


solutions at least, the passivation sets in when a monolayer of oxygen is adsorbed or even when the zinc surface is 
incompletely covered, 


In Fig. 2., we have plotted some anodic polarization curves which were recorded under conditions of static 
potential in various KOH solutions, The curve. shapes are typical of many passivating metals [4, 5].* 


During the anodic polarization one at first observes a region of active zinc dissolution (for example, Fig. 2, 
curve 5, section ab), When the voltage is rendered more positive the zinc passivation is reflected in the declining 
solution rate (section bc), which is reduced by about two orders of magnitude from the solution rate of a smooth 
electroplated and active zinc surface, and in a slower increase of the solubility rate when the voltage is further 
raised (section cd), At sufficiently high positive potentials the solution rate of zinc becomes practically independ- 
ent of the voltage (section de), The curve shape and the calculations indicate that this “limiting” current ob- 
served during passivation is not an ordinary limiting diffusion current, One may assume that the magnitude of 
the "limiting" current depends on the chemical solution rate of the solid film, the thickness of which remains 
unchanged [4], When the anodic current isswitched on after the passivation has set in and the potential has 
strongly shifted in the positive direction, and also when the cathodic polarization is weak, the potential is at 
first rapidly reversed in the negative direction and then becomes constant at —0,7 to —0.9 v (see Fig. 3). This 


* Very recently similar anodic curves were also obtained on zinc [6]. 
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plateau results from a partial reduction of the thin solid film which had 
formed during the anodic polarization, The voltage at which the reduction 
of the solid film begins would indicate that besides zinc oxide the film also 
+ contains a compound at a higher oxidation state than ZnO, possibly, zinc 

2 peroxide, 


= 
> 
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When the “limiting” current is attained,the solubility rate of zinc is 
& ’ apparently determined by the rate of chemical solution of zinc oxide (and 
peroxide); 


ZnO + 20H~ ZnO2~ + H,0. 
Vo 


Fig.4, The solubility rate 
of a passive zinc electrode 


This would explain why the “limiting” current was found to depend so strongly 
; on the concentration of the alkali (Fig. 2), The relationship we found be- 
as a function of the angular . 
velocity of the stirrer (w) tween the “limiting " current and the zincate ion concentration in the vicin- 
z ity of the electrode* is attributed to the hindering effects of zincate ions on 
In 0.6 N KOH; 1)+0.6 v; 
the film solution rate, This would also explain why the solubility rate of 
ae eee zinc depends on the stirring velocity (Fig. 4 
turated with aincate; 3) vi n8 ty (Fig. 4). 


+0.6 v; in 0.25 N KOH: The formation of a solid film and the zinc peroxide within are not es- 

4)+0.6 v; 5) -l.lv. sential to the passivation of the zinc electrode, This is apparent from the 
fact that the passivation already begins at —1.1 or —1.0 v (Fig. 2), at volt- 
ages more negative than the reduction potential of the zinc peroxide inside 

the solif film, Besides, as has already been demonstrated, the amount of current Q, consumed for the passivation 

is less than the amount required to form a solid film on the electrode surface under similar conditions, The forma- 

tion of zinc peroxide inside the solid layer is a consequence and not a cause of the electrode passivation; unless 

a zinc electrode has been rendered passive beforehand its potential cannot be raised to the value at which this 

compound begins to form, 


The experiments discussed above indicate that the passivation of zinc electrodes which accompanies anodic 
polarization depends on concentration changes (in the vicinity of the electrode surface) which affect the physical 
state of the surface in such a way as to reduce the solubility rate of zinc, In alkaline solutions zinc becomes even 
when the amounts of adsorbed oxygen or hydroxyl ion are inadequate to cover the entire surface with a mono 
molecular layer; iron exhibits similar passivation behavior in alkaline solutions [7], The formation of solid phase 
films containing zinc peroxide constitutes a secondary process, 
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We know of only relatively few papers dealing with the effects of radioactivity on the surface charge of 
solids [1] and other physicochemical properties [2], such as the isotopic exchange rate in heterogeneous systems 
[8], catalytic activity [4], and adsorptivity [5], 


In the present communication we describe 
wy A es the effects of radioactivity on the solubility and 


§ | the solution rate of barium sulfate, labeled with 
Sls s®_ The solubility of barium sulfate has been 

5 previously determined by various methods and the 
eg accepted value is 2.3 mg/liter at 18°C [6]. Un- 

8 4% usual solubility properties of BaSO, have been noted 
oy by several workers; for example, solutions twice as 
3 é concentrated as the normal saturated solutions may 


5 / 1S 20 @ days be formed for brief periods of time (not over 24 
hours) [7]. It has also been pointed out [8] that 


Fig. 1. Solubil 
BaSO, the solubility of BaSO, remains approximately con- 


in water at 20°C, Sample activity: 1) 0.7 mC/g; 


2) 1.0 mC/g; 3) 9.0 mC/g; 4) 19.0 mC/g; The stant if the crystal size does not exceed 1-2 yp, 
samples were prepared by mixing equivalent amounts Sulfur-35 was introduced into barium sulfate 
of 0.1 N BaCl, and Na;SO, solutions, during the precipitation step, The BaSO, samples 


were prepared by following the method given in 

[9]. Hot 0.1 N solutions of BaCl, and NaySO, 
(in some cases we used 0,1 N H,20,), which contained a fixed amount of S®, were poured at an equal rate into a 
stirred reaction vessel, The mixture was heated with stirring for one hour at 70-80°. Subsequently, the precipitate 
was allowed to settle from the mother liquor over a period of 20 hours, The BaSO, precipitate was first washed 
with water, then with ethyl alcohol, and dried at 80-85°C to a constant weight. The specific surface of BaSO, 
samples was determined with the help of an optical microscope (1200 x) and an electron microscope (12000 x). 
The BaSQ, particle size ranged from 2,7-8.1 . These results were in agreement with the literature data [9]. 


Tostudy the solubility we mixed 0,5 g of radioactive BaSO, and 50 ml of twice-distilled water in a test 
tube, The mixture was stirred at 20+0.5°C, At fixed time intervals we removed fixed aliquots of the solution, 
centrifuged them three times at 5000 rpm, and measured their activity, From the activity of the aliquot and the 
activity of the BaSO, precipitate we calculated the salt concentration in solution [10]. In Fig, 1 we have plotted 
the results obtainedfrom our study of the solubility kinetics of various BaSO, samples, which were prepared by 
mixing 0,1 N solutions of BaCl, and NagSO,. 


~ 

: 

® 

2 
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One can not fail to notice that when the specific radioac- 
tivities of samples are about 0,7-1,0 mC/g there appears at first 
mg/liter a considerable degree of supersaturation which subsequently dis- 
appears when the precipitate and the solution are stirred for 25 
hours, Samples with activities of 9-20 mC/g do not exhibit any 
such behavior — the BaSO, concentration increases with time, 


A comparison of the final concentrations of our solutions re- 
veals that the barium sulfate prepared in the above-described man- 
ner exhibits maximum solubility at about 2 mC/g; when the spe- 
cific radioactivity is either increased or decreased, the solubility 
: ‘ : declines (Fig. 4, curve 1), One of us previously observed a similar 
25 50 75 0 s5 150 brs behavior while studying the effects of radioactivity on the isotopic 
sulfur exchange in the KgSO,—SOg system [8, 11] and oxygen ex- 
change in the NagSO,—O, system at high temperature [2], It should 
be noted, however, that in all of our experiments the solubility of . 
radioactive BaSO, still exceeded the solubility given in the chem- 
ical literature. 


BaSO, concentration 


& & 


Fig. 2, The solubility kinetics in water 
(at 20°C) of BaSO, samples with activ- 
ities of 0.6-0.7 mC/g (1, 2, 3) and 8-9 
mC/g (4, 5, 6). Samples 1 and 4 were 
prepared by mixing equivalent amounts 
of 0.1 N BaCl, and NagSO, solutions; The solubility of Bad, increases even more if one of the 
samples 2 and 5 contained 20% excess reagents used in the preparation of the compound is in excess, 
of Na;S0, ; samples 2 and 6 contained The highest solubility was observed when BaCl, was used in ex- 
a 20% excess of BaCly. cess (Fig. 2). 


Samples of varying specific radioactivities (0,6-0.7 and 8-9 
mC/g) all equilibrate with the saturated solution in the manner 
described before (Fig. 1). 


mg/liter 


8 


100 
specific radioactivity mC/_~ 
25 1S 100 180 


Fig. 3, The solubility kinetics in water Fig. 4, The effects of specific radioactiv- 
(at 20°C) of various BaSO, samples, ity of BaSO, onits solubility in water at 
The activities were: 1) 0,13 mC/g; 20°C, The samples were prepared from: 
2) 1.47 mC/g; 3) 8.2 mC/g; 4)98,1 1) BaCly + NagSO,; 2) BaCl, + HySO,. 
mC/g. The salt was prepared by mix- 

ing equivalent amounts of 0.1 N BaCl, 

and H,SO, solutions, 


BaSo, concentration 


° 
8 
6 
2 
0 4 


» The solubility of BaSO, was much smaller when the salt was prepared in the same manner [9] but 0, 1N 
H,SO, was used instead of NaSO, (Fig. 3). Still the solubility kinetics curves had the same shape as those in 
Fig. 1. Samples with a specific radioactivity of 0.1 and 1.5 mC/g exhibited a strong tendency to supersatura- 
tion, When the activities were 8.2 and 98,1 mC/g this tendency was not observed. All the investigated radio- 
active BaSO, samples were more soluble in water than is normal nonradioactive barium sulfate. When the con- 
centration of saturated solutions are plotted against the specific radioactivity of the BaSO, thus prepared, the 
curve shows a maximum (Fig. 4, curve 2) similar to the one observed on the curves of samples prepared from 
BaCl, and Na,SO, (Fig. 4, curve 1). However, the maximum is much less pronounced on curve 2. 
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The above-described phenomena apparently have to be attributed to the steady emission of 8-particles from 
the radioactive BaSO, samples, The charges which arise at the phase boundary influence the double layer structure 
and promote additional adsorption of ions on the precipitate, It seems that the electric fields which arise have 
the same effect on the solubility as the ionic strength, It is a well-known fact that the solubility of sparsely 


soluble compounds depends very much on the ionic strength [12-14], The maximum on the curves of BaSo, so- 
lubility versus its specific radioactivity can be explained by assuming that the interaction between the-solid and 
the 8 -particles changes when the number of the latter is greatly increased [11]. One would expect the effects of 
the specific radioactivity on the solubility of the precipitates to be most pronounced when the compounds are 
sparsely soluble and emit high-energy radiation, 
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BETWEEN ATOMIC OXYGEN AND MOLECULAR HYDROGEN 


V. V. Azatyan, Corresponding Member of the Academy of 
Sciences USSR V. V. Voevodskii and A. B. Nalbandyan 


Chemical Physics Institute of Academy of Sciences of USSR 


Translated from Doklady Akademii Nauk SSSR, Vol, 132, No. 4, pp. 864-867, 
June, 1960 


Original article submitted February 9, 1960 


The reaction of atomic oxygen with molecular hydrogen, forming the hydroxyl radical and atomic hydrogen, 


O+4+H,=OH +H (ill) 


plays an essential part in the mechanism of many oxidation processes, 
This reaction, however, has been quite inadequately investigated, and 
there is no reliable information in the literature on the magnitude of 

its velocity constant, The value of the activation energy of this reaction 
has been determined from the temperature dependence of the rate of the 
reaction between atomic oxygen and molecular hydrogen in one work 
only [1], and in this paper the rate of formation of water was taken as 

a measure of the rate of the reaction in issue, Moreover, it is impos- 
sible to verify that the value of E, given as 6+1 kcal/mole, can really 
be referred to the elementary reaction (II), In addition to this, the 
authors determined E by the use of data referring to only two of the three 
temperatures at which measurements had been made, The values of 

the preexponential factor calculated by different authors [2-4] differ very 
widely, varying from 107“ to 107"! 


The method used by us for determining the magnitude of the rate 
constant of reaction (III) is based on the measurement of the first ignition 


5500 ' 600 650°C limit of mixtures of carbon monoxide and oxygen in the presence of small 
Fig. 1, First ignition limits of espe anes : oe determining the variation in the limit with 
1)a mixture of 1.9 Hy+O,; and 
mixtures of 2CO+O,+ xH, where The ignition limits of mixtures of carbon monoxide and oxygen 
Xin percent is: 2)0.76; 3) 1.02; containing hydrogen, and the kinetic behavior within the ignition pen- 
4) 1.47; 5) 2.34; 6) 3.30; 7) 3.95; insula, may be explained by means of the following reaction scheme, 
8)5.34; 9) 8.04, which was used as the basis for the mechanism proposed by Buckler and 

Norrish [5], Kondrat'ev [6] and Enikolopyan and Nalbandyan [7): 
He + = 20H (0) O + H,= OH+ H (III) 
OH + CO = CO, +H (D H + wall = destruction (IV) 
H+ O,=OH+0O (ib O + wall = destruction (V) 
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H+ M=H,O+M (V1) O3;+M=0,+0+M 
OH + H, = HO +H (VII) Os + CO = CO, + 
O+0,+M=0O3;+M (VII) O + O; = 20, 
O+CO+M=CO,+M (IX) 


From the critical condition for. ignition [8], we may obtain the equation for the ignition limit: 


hy, (Oz) (M) [ hy + (M) + (CO)(M) + 


where kj , etc,, are rate constants for reactions numbered (1) etc, 


It is easy to show that, at the first ignition limit, the quantity y(O2)(M)/ ky is equal to the ratio of the 
first ignition limit of the mixture of carbon monoxide and oxygen to the second ignition limit of the mixture of 
hydrogen and oxygen, This implies that at temperatures appreciably higher than the temperature at the peak of 
the ignition peninsula, ky(O,)(M)/kyy « 1. 


At pressures close to the first ignition limit, it is known that, of the possible chain breaking mechanism, a 
decisive part is played by surface chain breaking, Hence, the quantities kyyy(O3)(M), ktx(CO)(M) ky17(Os) at this 
point become negligible compared with k,,, This is confirmed by comparing the values of these quantities at 
the point corresponding to the first ignition limit, Equation (1) can then be rewritten in the form: 


[. ky 
(0) 1+ 


When reactions (IV) and (V) take place in the diffusion region (for cylindrical vessel) [3], 


23,2 23,2 
Dy ky= Do 


where Dj, and Do are the diffusion coefficients for atoms of hydrogen and oxygen respectively. If we insert these 
values of kyy and ky into Eq. (2), and take into account the dependence of the diffusion coefficients on the tem- 
perature and the pressure, substituting partial pressures for the concentrations (Og) and (H,), we obtain: 


O; 97-10! 97-10% Ppy, (3) 


In this equation P, Ppo, and Hy are the total pressure of the mixture and the partial pressures of oxygen and hy- 
drogen, respectively, at the first ignition limit, 
23,2 co 760 
RS = 
Vv da? ( 0) (273)"5 (5) 


where (Dy)©° and (Do)? are the diffusion coefficients of atoms of hydrogen and oxygen under normal condi- 
tions, . 


According to (3), in the diffusion region of heterogeneous chain destruction, the value of PPOs for the first 
limit at constant temperature should be relatedlinearly to 1/ PpH,* That is, if we measure the first ignition limit 


(XI) 
(xX) 
(1) 
4s 


of mixtures of carbon monoxide and oxygen in 
/ the presence of various quantities of hydrogen, 
we shall find from the curve relating Ppo,t0 1/ PH, 


that 


097-10" (6) 


is the magnitude of the intercept of the straight 
line on the axis of ordinates, and 


we T25 kOT* 5 
= -0,97-10" 0,07-408 


06 a7 0609 tani? 


Fig, 2, Relationship between Pp. and 1/Pp,, for 
8 P PO, PH, 


abscissas, 
mixtures of 2CO +O, at temperatures: 1)570°; 


2) 580°; 3) 590°; 4) 600°; 5) 610°; 6)630°; 7) 640°; follows from (6) and (7) 


8) 650°; 9) 660°, tga 
0, 97-40 


-0,97- 40" exp (—Eyy/RT) 
or, 


ky, 
lg ,,-0,97-408 SRT" (8) 


where Eqn is the activation energy of reaction (III). 


Thus, if we obtain values of tan a and b for various See eg we may calculate the value of E,,,; from 
(8), and, obtaining kt from (5), we may determine the value of k’ i Hence, by measuring the first ignition limit 
of mixtures of carbon monoxide and oxygen containing various added amounts of hydrogen, in the diffusion region 
of heterogeneous chain destruction, we may determine both the magnitude of the activation energy and the value 
of the preexponential term of the reaction rate constant for reaction (III). 


The experiments were carried out in a standard vacuum static apparatus, To determine the ignition limit, 
the reaction mixture from the reservoir was collected into a by-pass vessel, and then immersed in an evacuated 
quartz vessel of diameter 34mm, heated to the desired temperature, Treatment of the surface of the vessel with 
magnesium oxide greatly accelerated the destruction of active centers on the surface [9-11], and this ensured the 
continuation of heterogeneous chain destruction in the diffusion region, This ensured the high value of the limits, 
good reproducibility for their values, and reduction of the limit by the dilution of the mixture with inert gases, 


Figure 1 shows the relationship between the first ignition limit and the temperature for mixtures of 2CO+O3, 
containing various amounts of added hydrogen, From the observed values of the limit, P, the values of Po, and 


1/ PPH, have been calculated, the relationship between which at various temperatures is shown in Fig, 2, It can 


be seen from this figure that the relationship is linear, x7 was anticipated from Eq. (3). Taking into account that, 
for the mixture of hydrogen and oxygen, kjy/2ky = (0,6 Hy) , where (O,)(2) is the concentration of oxygen at 
the first ignition limit of the hydrogen—oxygen mixture, Eq. (6) may be presented in the form: 


D 
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where PM2 and pot are the total pressure of the mixture and 
the partial pressure of the oxygen at the first ignition limit 
of the hydrogen-oxygen mixture; and are 
the diffusion coefficients of atomic hydrogen through the 
carbon monoxide— oxygen and hydrogen—oxygen mixtures, 
respectively, Thus, in addition to the determination of the 
quantity b by the method stated, from the values of the first 
ignition limits of mixtures of carbon monoxide and oxygen 

1__1_1__t__1__1__-4 with varying additions of oxygen (as in Fig, 2), this quantity 

ayn should be determinable in an independent manner from Eq. (9) 

Fig. 3, Relationship between log (tan a/ from the value of the first ignition limit of the hydrogen— 
and 1/T. oxygen mixture, 


The values of b, determined at various temperatures 
by these two independent methods, differ by not more than 10%, 


Thus, the correctness of the method is confirmed both by the linear relationship between PPOs and 1/ Pou, 


and by the agreement (within the accuracy of determination of the coefficients of diffusion of atomic hydrogen) 
of the values of b obtained by the two independent methods, 


Figure 3 gives the relationship between log(tan «/ bT***) and 1/T, where the values of tana and b are de- 
termined graphically from Fig, 2, From the slope of the straight line in Fig. 3, E,,, was calculated by means of 
Eq. (8), and found to be 12.340,2 kcal/mole; while from the intercept of the same line with the axis of ordinates, 
the value of k°,,, was found to be equal to 1.55+107"° cm*+mol™ *sec ', For mixtures of the composition 3CO + 
+ O, with various additions of hydrogen, the values obtained were; Eyjj = 12,040,2 kcal/mole, and an = 1,45- 


mol7!+sec™!, 


Thus, 


Ruy = 1,5-10- exp (— 
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In order to examine the structure of the double layer, it is necessary to know the electrocapillary zero, 
It has been shown by adsorption methods that on reduced Pt the electrocapillary zero @ in NagSQ, solution is ap- 
proximately 0.11-0,15 v [1, 2], in NaCl solution 0.05 v, and in NaBr solution 0,02 v [1], relative to the normal 
hydrogen electrode. A less accurate method involving measurement of the contact angle of gas bubbles has given 


for HySO, solution the value ¢» = 0.27 v [3]. Recently a new crossed filament method has given the value @ = 
= 0.2 v [4]. 


The method involving measurement of the capacity with alter- 

u F/ cm? nating current has in a number of cases given more positive values for 

ot % » equal to 0.6-1,1 v [5,6]. These values have been found to depend 
markedly on the pH of the solution: g, changes from +0.5 to —0,35v 
when the pH changes from 1 to 12 [7]. Calculation from the work of 
electron removal gives the value gy = 0.6-0.7 v [6]. It should be noted 
that adsorption methods indicate that on oxidized platinum, @ = 0.7 
to 0.9 v [1, 2]. In view of the contradictory data for the value of the 
electrocapillary zero on platinum, we have considered it necessary to 
make a more detailed study of the capacity of the double layer on 
platinum, 


0 rT; toot ttt In the present work we have measured the capacity of a smooth 
platinum electrode in sulfuric acid solutions of different concentrations 
; at different alternating current frequencies, The method of measuring 
Fig. 1. Curves showing the re- 

' ; the capacity has been described in an earlier paper [8]. The electrode 
ree enn en ere is regarded as equivalent to a capacity C, and R, connected in series 
and the potential in 0,01 NHySO, 8 
solution at different frequencies; The relationship between the capacity of a platinum electrode 
1) 0.2 cps; 2) 1 cps; 3) 5 cps; measured in this way and the potential at different frequencies in 0.1N 
4) 10 cps, H,SO, and 1 N NagSO, + 0.01 N H,SO, solutions is given in Figs, 1 and 


2, which show that, irrespective of the solution concentration, the capac- 
ity curves at low frequencies pass through a fairly sharp minimum at a potential close to 0.5 v. With increase in 
the alternating current frequency, however, the shape of the capacity curve changes, and at a frequency of 200 cps, 
the left-hand ascending section of the capacity curve disappears completely.* The fact that the value of the 


* In the first of these solutions, the measurements cannot be carried out at such high frequencies as in the second 
case, because of the large specific resistance of the first solution. 
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Fig. 2, Curves showing the rela- 
tionship between the capacity 
and the potential in 1 N Na gSO,+ 
+0.01 N H,SO, solution at dif- 
ferent frequencies; 1) 1 cps; 
2) 20 cps; 3) 100 cps; 4) 200 cps, 


F/ cm?® 


48 v(n.h.e.) 

Fig. 3, Curves showing the 

relationship between the ca- 

pacity and the potential(v = 

=1 cps) in dilute solutions; 

1) 1 N HySQ,; 2) 0.01 N 

3) 0.01 N NagSO, + 

+ 0.0001 N H,SO,; 4) 0.01 N 

NagSO, + 0.00002 N H,SO,. 


capacity and the shape of the curve are so markedly dependent on the 
frequency, together with the magnitude of the phase shift, indicate 
that at low frequencies the measurements record the pseudocapacity 
[9], which disappears completely only at high frequencies, On smooth 
platinum, as a result of the presence of adsorbed atoms even in the 
“double-layer” region, a small pseudocapacity is observed at low fre- 
quencies [10, 8], and the capacity curve passes through a minimum, 
which apparently corresponds to the potential of the least degree of ad- 
sorption of atoms on Pt, Thus, the minimum on the capacity curve 

for the platinum electrode at low frequencies results from the intersec- 
tion of two adsorption capacity curves corresponding to two processes; 
the process of discharge of ions and ionization of adsorbed atoms of hy- 
drogen on the one hand [9, 8] and the process of deposition and removal 
of adsorbed oxygen on the other [11-13], The capacity minimum at a 
potential of 1.07 v observed by Robertson [5] on Pt in 1 N HCl appears 
to have a similar explanation, As a result of the displacement of the 
platinum oxidation potential [14] and the region of hydrogen adsorption 
to more negative potential values, the minimum on the capacity curves, 
which we have observed at low frequencies (Fig, 3) is also displaced, 
Comparison of Fig, 3 with the data given in [7] show that the potential 
corresponding to the capacity minimum coincides with the values of 
the electrocapillary zero obtained at the same pH values by V. L. 
Kheifets and B. S, Krasikov, These authors measured the capacity at 
low frequency (50 cps) but did not study the change in the shape of 

the capacity curve with change in the alternating current frequency, 
and they concluded that the minimum corresponded to the point of 
maximum diffuseness of the double layer, i.e., to the electrocapillary 
zero, which is obviously incorrect, 


In order to measure with sufficient accuracy the capacity of the 
double layer on reduced platinum in the region of the electrocapillary 
zero in dilute solutions, it is necessary to exclude the adsorption ca- 
pacity relative to hydrogen, By increasing the alternating current fre- 
quency, it is possible to reach.a limit when the measurements will re- 
cord only the capacity of the double layer [at pH 2 this apparently is 
the case at a frequency of 200 cps (Fig. 2)]. At the same time, in 
dilute solutions, the high resistance of the solution at these frequencies 
means that the sensitivity of the bridge to the capacity is small, so | 
that in the case of 0,01 N solutions we have restricted ourselves to carry- 
ing out measurements at 10 cps and subsequently decreasing the hydro- 
gen ion concentration in the solution in order to shift the region of hy- 
drogen adsorption from the electrocapillary zero towards more negative 
potentials [9], Figure 4 gives curves showing the change in the capac- 
ity with change in potential at a frequency of 10 cps in 0,01N NagSO, 
solutions with different hydrogen ion concentrations, In the solution 
with pH 5 at this frequency and at potentials more positive than 0.05v, 


the pseudocapacity is almost absent (Fig. 4, 3) and the measurements record the capacity of the double layer (the 
angle of the phase shift here is equal to 90°), Figure 4 shows, however, that there is no capacity minimum at the 


electrocapillary zero, 


In order to try to explain this, we must examine the peculiar features of the double layer on platinum and 
other similar metals, On many solid metals there is considerable dispersion of the capacity with change in fre- 
quency, and, what is particularly important, the magnitude of the capacity at sufficiently high frequencies is 
small, even when the solution concentration is high [15-17, 5, 6, 8], For example, according to our data, the 


capacity in acidified 1 N NagSO, solution is 16 per cm? visible surface at 20 cps,and 11 p per cm? visible surface 
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at 200 cps, while in the region of the electrocapillary zero, the 
increase which in the case of the mercury and lead electrodes 
characterizes anion deformation is absent (Fig. 2). If it is assumed 
that at a frequency of 200 cps the measurable surface is practically 
equai to the visible surface, then the capacity in the near cathodic 
region proves to be lower than that in the case of mercury by a 
factor of one and a half, while the capacity in the anodic region 
(i.e., more positive than the electrocapillary zero) is lower than 
that in the case of mercury by a factor of 3-4, The dispersion 


which is not associated with the adsorption pseudocapacity can 
8 & 96 96 v(n.h.e.) be explained by the geometrical nonuniformity of the solid sur- 
? face (microcracks and pores), The reason for the low total value 
Fig. 4, Curves showing the change. in of the capacity over a wide range of potentials at all frequencies 
potential (v =10 cps) in 0,01 NNa,SO, at which the adsorption pseudocapacity has no effect, is not clear, 
solutions of different pH: 1) pH 2; however, It may be due to a decrease in the electron density in 
2) pH 3; 3) pH 5. the metal at the surface, associated with the chemisorption of 


atoms of oxygen and hydrogen *, or to the separation of the faces 
of the electrical double layer with the formation of the atomic adsorbed layer even though this takes place only 
on part of the surface [18]. Slight chemisorption takes place even in the “double-layer” potential region, In con- 
trast to the case of the decrease in the electron density observed in the case of germanium [19], the effect of re- 
duced electron density in the case of metals should not be closely related to the electrocapillary zero, but should 
be observed throughout the whole potential range in which adsorption of atoms, and hence decrease in the density 
of the charges of the double layer, takes place, 


The decrease in the surface charge as a result of the diffuse nature of the electron face of the double layer 
should lead, at the same potential, to an increase in the diffuseness of the ionic face, i.e., to an additional de- 
crease in the capacity and to a broadening of the potential range in which the electrocapillary zero has an effect 
on the capacity (the width of the minimum), Further "broadening" of the minimum can take place as a result 
of physical and chemical nonuniformity of the polycrystalline surface, since different crystal faces probably have 
electrocapillary zero values differing by several tens or hundred millivolts, while regions differing chemically (as 
a result of adsorption of atoms) may have electrocapillary zero values differing by several hundred millivolts, 

As a result of the diffuse nature of the electron face, there should also be a sharp decrease in the effect resulting 
from anion deformation, Nevertheless, even when all these factors are taken into account, we should still expect 
small changes in capacity with change in potential, outside the limits of experimental error: such changes are not 
in fact observed experimentally, 

The capacity, measured at high frequencies, increases only at very high positive potentials (Fig, 2), McMul- 
len and Hackerman [6] assume that this increase is associated with the deformation of anions on the pure platinum 
surface, and from this they obtain Y. = 0.840.2 v. Judging from the decreased phase shift, however, this increase 
in the capacity is associated with the pseudocapacity, which is determined by the rate of deposition and removal 
of oxygen at the platinum surface [12, 13], The increase in the capacity with potential can only be partly related 
to distortion of the anions on the platinum, and this evidently applies to platinum covered with adsorbed oxygen 
{1, 2], since it is extremely probable that the value givenis the electrocapillary zero for oxidized platinum, and 
not pure platinum, 


From all that has been said above, it follows that the method involving measurement of the double layer 
using alternating current in dilute and concentrated solutions cannot be used to determine the position of the 
electrocapillary zero for the case of a platinum electrode, Values of the electrocapillary zero for platinum ob- 
tained by this method [5-17] are inaccurate. The accuracy of the results of the calculation of q from the work of 
electron removal is doubtful [6], since it is not clear how far the surfaces of such different metals as Pt and Hg 
can be brought to the same state, Examination of the available literature data on the experimental determina- 
tion of the electrocapillary zero for platinum leads to the conclusion that the most accurate results are those ob- 
tained by adsorption methods (in particular the value 0,15 v in 1 N NagSQ, solution), 


We wish to thank Academician A, N, Frumkin for taking part in the discussion of the results, 


* An analogous suggestion has been made in [17]. 
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THE POTENTIAL OF A PLATINUM ELECTRODE IN AN 
IRRADIATED SULFURIC ACID SOLUTION 
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(Presented by Academician A. N. Frumkin, February 26, 1960) 
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We have already shown [1-4] that the potential of a platinum electrode in an irradiated solution of 0.8 N 
sulfuric acid (dose power of irradiation 2+10'* ev/ cm®-sec) has a value close to that of the potential of a hydro- 
gen electrode in the same solution, This has subsequently beenconfirmed in papers by other workers [5, 6}. 


mv 
0 
Fig. 1. Relationship between Fig, 2, Relationship between the value 
the potential of the platinum of the polarization current and the du- 
electrode and the duration of ration of the irradiation at a platinum 
the irradiation (0, 8 N sulfuric electrode potential of 0.4v (0.8 N sul- 

acid, surface area of electrode furic acid, surface area of electrode 6 


6 cm’, solution volume 10 cm® cm’, solution volume 10 cm’, volume 
volume of gaseous phase 50 cm’), of gaseous phase 50 cm’), 


a 40 60 min -40 


The present communication gives some results obtained in a study of the effect of radiation of much greater 
dose power on the platinum/ sulfuric acid solution system, The experiments were carried out on the Co™ source 
of the L, Ya. Karpov Physicochemical Institute [7], and the dose power of the radiation amounted to 6,1 + 10!*ev - cm’: 
*sec, The method of preparing and carrying out the experiment has been described in earlier papers [2, 3]. 


Figure 1 gives a curve showing the relationship between the potential of a platinum electrode in a deoxy- 
genated solution of 0,8 N sulfuric acid and the duration of the irradiation, The figure shows that at this dose power, 
as in the previous experiments, the platinum electrode. is selective towards the reducing products of the radiolysis 
of water, and a potential of 10-20 mv is established, This value of the potential is retained up to doses of 2°10” 
ev/ cm’, after which it increases to 0.85 v. 


4 
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A necessary condition for the establishment of a stationary po- 


my tential in the irradiated solution is that the rates of the processes in- 
7501- volving oxidation of the reducing radiolysis products and reduction 
of the oxidizing products should be equal, The rates of these proces- 
J ses for the stationary potential may be written in the form 
= ke [Red] exp , a) 
Tox = kox [Ox] exp (— ) ; (2) 
br It would be more accurate to write 
Fig. 3. Relationship between the Fe 
potential of the platinum elec- Dkr, [Red], exp ) 
trode and the duration of the ir- 
radiation (0.8 N sulfuric acid, 
surface area of electrode 120 cm?, with a corresponding expression for |, but this complicates the 
solution volume 9 cm’, no gase- caiculation without effecting any significant improvement in the 
ous phase), final results, 


Equations (1) and (2) can be written as follows: 


ap, 
Tp = kp [Red] exp (“Bat (1') 


where and [Ox] the concentrations of and radiolysis products, respectively; Ay, = 


= 4%ox = R<%st<? R and are the corresponding equilibrium potentials, and 
the other symbols have their usual significance, 


Using the steady-state condition Ip = Ip,, we obtain 


FAG, 
kp [Red] exp ( RT 


Age ) 
RT 


ko, [Ox] (3) 


which gives, on taking logarithms, 


kp [Red] 
[Ox] (%0xAp0x —&pAgr). (4) 


In 


Under conditions when no current flows through the system and all the radiolysis products remain in the solu- 
tion, [Red] = [Ox] and 


In = RT (aoxApox — (5) 


If k"p >> k‘p,, which is a measure of the selectivity of one process relative to the other, the term in brack- 
ets on the right-hand side of the equation should be greater than 1, and A go, > Agr. Consequently, in this case 
the stationary potential of the electrode should be closer to the equilibrium potential of the reducing radiolysis 
products, which is in fact the case for a platinum electrode, as a result of its selectivity towards the process of 
hydrogen ionization, From Eq, (4), taking O, = ox = a, we can obtain the following expression for the value 


A 
| 
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of the stationary potential ¢,,: 


250 RTM 


; If [Red] =* [Ox], i.e., if the stoichiometry between 

wD the oxidizing and reducing products of the radiolysis of 
A 
0 ; ~ Conciente water is broken down, then the stationary potential of the 
a) 50 75 100 \min eletrode will have a different value, It is then necessary 

“a to remember that the shift of the stationary potential as- 
“ sociated with the fact that the concentrations are not equal 
Fig. 4, Relationship between the value of may be greater than expected from Eq. (6), since the rates 
the polarization current and the duration of of the processes determining the value of the stationary po- 
the irradiation at a platinum electrode po- tential may at certain potential values be determined by 
tential of 0.4 v (0.8 N sulfuric acid, surface the diffusion of the substances to the electrode, 


area of electrode 120 cm?, solution volume 


3 The results given in Fig, 1 were obtained under con- 
9 cm”, no gaseous phase), 


ditions where the volume of the gas phase was approximately 
5 times the volume of the solution, The hydrogen formed 
in the radiolysis was distributed between the gaseous phase and the solution, and in the solution the stoichiometry 
between the oxidizing and reducing radiolysis products was broken down, i.e., [Red]< [Ox]. According to Eq. (6), 
this should lead to a shift of potential in a positive direction, which is in fact observed at doses greater than 


2-10 ev/cm*, Measurement of the relationship between the values of the depolarization current and the dura- 
tion of the irradiation confirm this, 


Figure 2 gives a curve showing the relationship between the depolarization currents at a potential of 0.4 v 
and the duration of the irradiation, and characterizes the accumulation of the radiolysis products, The current in- 
creases sharply at first, after which it increases more slowly, reaches a limiting value, and then decreases with 
time, The point A corresponds to the removal of thesource, The complex shape of the curve is associated with 
the fact that at a potential of 0.4 v, both oxidation of hydrogen and reduction of hydrogen peroxide may take 
place, As a result of the selectivity of platinum towards the ionization of hydrogen, the process of hydrogen oxi- 
dation predominates in the initial period, As the hydrogen peroxide accumulates in the solution (in one hour the 
hydrogen peroxide concentration in the solution is 1.107% N) and the hydrogen passes into the gaseous phase, the 
rate of reduction of the hydrogen peroxide increases, the total current, equal to ly, ~ hy 0," Starts to decrease, and 
at doses greater than 2+ 10” ev/cm! it becomes negative, We have studied the relationship between the poten- 
tial of a platinum electrode and the duration of the irradiation under conditions which prevented the condition 
[Red] = [Ox] from being broken down, The compartment in the apparatus containing the test electrode was filled 
completely with solution, i,e,, no gaseous phase was present above the solution, This part of the apparatus was 
connected by means of fine capillaries to the sections of the apparatus containing the reference electrode and the 
auxiliary polarization electrode, which were separated from the main electrode by means of taps, The test elec- 
trode consisted of platinum foil wound to form a loose cyclinder, Its surface area amounted to ~ 120 cm”, and 
the solution volume was equal to 9 cm’, 


Figure 3 gives a curve showing the relationship between the potential of the platinum electrode in this sys- 
tem and the duration of the irradiation, It.can be seen that the potential rapidly acquires the value + 20 mv, 
which remains unchanged for the total experiment time of ~ 20 hr (the total dose amounted to 3-10"! ev/cm’), 


In the system described above, the ratio of electrode surface to solution volume is such that when a positive 
current is passing, i.e., during the ionization of hydrogen, the concentrations of oxidizing and reducing radiolysis 
products rapidly become unequal, since there is practically no "reservoir" from which the hydrogen used up at the 
electrode can be replaced, It can be seen from the curve in Fig, 4 that these concentrations become unequal 
during the recording of the current—time curve at a potential of 0.4. v. The accumulation of oxidizing radiolysis 
products in large concentration which then takes place leads to a rapid decrease in the current during the irradi- 
ation, and to the production of a negative current when the irradiation is stopped, in spite of the selectivity of the 
platinum towards the process of hydrogen ionization, 


If the irradiation solution contains a second electrode, at which a process involving the reduction of the 
oxidizing radiolysis products may take place selectively, for example, a gold electrode [3, 4], then the condition 


We 


[Ox]= [Red] would be preserved even when a current of definite magnitude passed, throughout the entire duration 
of the irradiation, The potentials of the electrodes in this case would be determined only by the selectivity of 
the latter towards the products of the radiolysis of water, 


Consequently, the ionization, at a platinum electrode, of the hydrogen formed by the radiolysis of water may 
only take place at a stationary potential if the reduction of oxidizing radiolysis products takes place at equal 
velocity at the same electrode (total current equal to zero), or at another electrode, selective towards the oxidiz- 
ing products, in which case a corresponding current will flow through the external circuit. 
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Calculation of the adsorption equilibrium strictly on the basis of the physical properties of the adsorbent 
and the adsorbate constitutes one of the most important problems in the theory of adsorption [1, 2]. The first 
and most important step in the solution of this problem is the theoretical calculation of the potential energies 
of adsorbed molecules, Earlier success achieved in calculating theadsorption energies of simple and complex 
nonpolar molecules on graphite and on ionic crystals [2-6] now lead to a complete solution of the problem for 
the enumerated cases, i,e., the change in the partial free energy of the adsorbate, Ap, can now be computed, 


Hill and Drenan [7, 8] both used statistical methodsto calculate the "kinetic" factor A in the constant of 
the BET equation, C = A exp[(E,—L)/ RT], where E, is the heat of adsorption for the first layer and L,the heat of 
vaporization (or condensation). However, their calculations were for an “imaginary” adsorbent and were based 
on potential energy functions (for the adsorbed molecules) derived from the integrated instead of the summed in- 
teractions between atoms in the adsorbed molecules and atoms in the adsorbent lattice, We calculated the con- 
stant C for benzene on graphite and on MgO by using the equation C = exp(AS/ R)X exp ( —AUY RT), where S°and 
AU? were the changes in the standard partialentropy .and total adsorption energy, respectively [9]. However, 
though we calculated very accurately the adsorption energy we used in [9] the value of AS° which was based on 
a simplified model for the state of a benzene molecule on the adsorbent surface [10]. 


In the present work we calculated the approximate value of Ap for the adsorption of argon on the basal 
face of graphite under conditions where the fraction of surface covered @ is small, The potential energy of an 
argon molecule adsorbed on the basal face of graphite has already been calculated by several workers [2, 3, 11,12]. 


When the value of @ is fairly small the partition function for the adsorbed molecules F,, for both a local- 
ized and nonlocalized adsorption, can be written in the form [13): 


(1) 
where N, is the number of adsorbed molecules, fg ~ the partition functions for a single adsorbed molecule over 


the entire adsorbent surface, In such a case when the adsorbate is transferred from the gaseous standard state 
(p° = 760 mm Hg) onto a surface covered to the extent 6, then: 


ht am pe 
) kT], 0’ (2) 


7 
a 

¥ 


where k and h are the Boltzmann and Planck constants, respectively, m—the molecular weight of the adsorbate, 
Wp the area occupied by the molecule in a dense monomolecular layer, j;— the partition functions for the in- 
ternal degrees of freedom of the adsorbate in the vapor phase; moreover 9=Ngw,,/s and f', = f,/s, wheres 

is the surface area, 


In calculating fg we followed the example of [7, 8] and used the approximation [14]; 


f= fetass¥**s (3) 
where a purely classical partition function; 


(n_being the number of molecular degrees of freedom, and H,the classical Hamiltonian for the adsorbate molecule), 
and; 


v** = fovant, harm, osc./ fclass, harm. osc, (5) 


where fquant. harm, osc, 494 fclass, harm, osc, are the quantum-mechanical and classical forms, respectively, 
for the partition function of a harmonic oscillator; these were calculated from the potential energy contour sur- 
face for the adsorbed molecule near the minimum, 


The Hamiltonian for an adsorbed argon atom is; 


H 


2 2 
= y, 2), (6) 


where p,, Py» and pz are the linear momentum components, m is the atomic weight, and (x, y, z) the potential 
energy of the adsorbate over the basal face of the graphite (x, y), According to [2, 6], 


co 
(x, y, —C, 2 rf —C, 2 +B 


where C, and Cy are the coefficients for van der Waals attraction, r;,j is the distance from the center of the ith 
argon atom to the center of the jth carbon atom in graphite, B is the repulsion coefficient. The values of the 
co fee) 


constants Cy and Cy and of the summations >) t,*; 2 r;;* 2 et/28 are given in [3]. The power summation 
j 


for the given distance z from the argon atom to the outer cally xy formed by carbon atoms of graphite as well 
as the slopes of semilogarithmic plots of the exponential sums as a function of z show little dependence on the 
precise position of the examined point over the crystal face (i.e., they depend very little on the coordinates x 
co 
and y). In order to facilitate the calculations in working with the sums py 7s > re at fixed values of z and 
and with slopes of the function loglg ~p e ‘ti/-8 ys, z we selected three mean positions; c over the carbon atom, 
i 
b over the midpoint of the line joining two nearest atoms, and h over the center of the hexagonal plane formed 
by these atoms, The averaged (as well as unaveraged [3]) values of the power and exponential sums can be ex- 
pressed with a fair degree of accuracy by the power functions p,z~“! and p,z “2 and the exponential function 
2/1 respectively, where q, = 3.82, py = 5.18-10'°, p.= 3,80- 10+ q2=5,94, and =0,303- 10 


With the help of these approximations we can transform Eq. (7) into the form: 


D (x, Y, &) = Uoy (X, Y) Ugg (X, Y) Uop (X, y) EXP (— ) ’ 


* In [8] some of the letters b and h are erroneously transposed in the first column of Table 7, 
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A 
= 


sition 
0 0 3,32 | 0,262 a/8 aV3/8 3,45 | 0,0300 
0 aV 3/8 3,42 | 0,0462 a/4 aV3/4 3,54 | 0,081 
0 aV3/4 3,49 | 0,0175 3a/8 a-3V3/8 3,59 | 0,0043 
0 a-3V3/8 3,53 | 0,0095 a/2 aV 3 /2 3,51 | 0,0036 
0 aV3/2 3,54 aV3/2 3,59 


Uor (x, y) = (X, y) = — 


Uop (x, y) = Bke-*/! — — + (9) 


The equilibrium distance from the center of the argon atom to the first lattice plane formed by the centers 
of the carbon atom is; 


20 = (xc — — (yc — 9), (10) 


where x, y are the argon atom coordinates, X¢, Yc, the coordinates of the carbon atom nearest to the argon, rg — 
the equilibrium distance from the center of the argon atom to the center of the nearest carbon atom; we obtained 
tr. [3] by adding the Van der Waals radius of argon (1.91 A) to that of carbon in graphite (1.70 A). 


Substituting Eqs. (8) and (6) into Eq. (4) and integrating over the momentum components [7] we get: 


= exp (— ) erf (- 29 dx dy da, (11) 


where 3a”V377 is the area of the hexagon formed by the carbon atoms in the basal face (the graphite lattice 
parameter a = 1,418 A); erf (— ®/ kT)'A is a probability integral, Equation (11) is integrated graphically with 
respect to x and y within the limits of a single hexagon, In the table we have compiled the values of Kx, y), ob- 
tained by integration with respect to a for various positions over the hexagon at T = 77,8°K (the origin coincides 
with the hexagon center, while the x-axis passes through the center of a carbon atom), Integration was limited 

to these values of a for which the potential energy of the adsorbed atom (x, y, ~) <0 [7]. The value of, 

exp[— ®(x, y, &)/ kT] declines sharply when a deviates from one, We disregarded the factor erf(—@/ kT)'/ 2, since 
it is practically equal to one in the range of a values covered by our integration, Integration over x and y with- 
in the limits of one hexagon yielded J = 0.034a” (T = 77.8°K). 


The quantum mechanical factor v** (Eq. 5) for the case of an argon atom over graphite surface is; 


where vx, vy, and v, are the vibrational frequencies of the adsorbed argon atom along the respective axes near 
the potential minimum (over the hexagon center when z = Z9). To calculate the vibrational frequencies; 


1 K, K, 


x 
where 
(12) 
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kcal/ mole we determined the constants Kx, Ky, and K, analytically, 


K, = 


(14) 


(= 


Log y=0, 


with the help of Eqs. (8) and (9) and an appropriate approximation to Eq. 
(10). Moreover, vy vy = and Vv, =1.5° 10” 


Fig. 1 sec”',* whence v** 2, 


The value of wm depends on the packing of argon atoms over the surface, We used for wy, the values: 
12.8 and 14.7 A, listed in [16] for hexagonal and square packing, respectively, We assumed that the partition 


functions jj for the internal degrees of freedom were identical for argon in the gaseous state and in the adsorbed 
state, 


Substituting the appropriate expressions and values into Eq. (2), we obtain the following expression for Ap 


as a function of @ when argon is transferred from the gaseous state at p° = 760 mm to the basal plane of graphite, 
at T = 77,8°K: 


Ap. 1,2, 4- 0,355 lg mole (Om = 12,8 A’); (15) 
Ap = — 1,35 -+ 0,355 1g@kcal/mole (wm = 14,7 A?). (16) 


Thus, the A p of argon is relatively independent of wy. In Fig. 1 we have compared the initial segments of the 
experimental and calculated curves of ~Ap = {(@), The experimental curve 1 was calculated from the adsorption 
isotherm (which was determined in [16]) using the thermodynamic equation —Ap = RT1n760/ p(@). The calculated 
curve 2 seems close to the experimental **, Thus, by using statistical methods one can derive from the theoret~- 
ically calculated adsorption energy a satisfactory approximation to the partial free energy change accompanying 


the transfer of an argon atom from the gas phase to the adsorbed state, provided the graphite surface is still 
sparsely covered with argon, 
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* In [15] an approximate value of vz = 1,19- 10" sec! was computed, 
** When 6 becomes larger interactions between the ees molecules are reflected in the experimental curve; 


we have not yet considered these effects in our calculated curve (the energy of this interaction, though, has been 
calculated [12]). 


*** See CB translation, 
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The appearance of the products of radiolysis of water during the treatment of the solution with ionizing radi- 
ation should be attributed to a change in the oxidation-reduction properties of the medium, and gives evidence 
of the electrochemical behavior and corrosion properties of metals contained in the irradiated solution, When the 
solution does not contain substances which would enter into oxidizing or reducing reactions with the radiolysis 
products of water, the radiolysis products may exert a direct effect on the electrode, and so produce a definite po- 
tential. V. 1, Veselovskii and Ts, I, Zalkind were the first to discover that the irradiation of a solution of sulfuric 
acid caused the establishment at a platinum electrode 
of a potential close to the reversible hydrogen potential, 
a while on gold the potential was~0.95 v, Thus, in the 
if system Pt/ HSQ, solution saturated with N/ Au, the dif- 
ference of potential obtained was ~0.9 v. These effects 
were explained by the authors by the selective interaction 
of the platinum with the reducing (principally hydrogen 
o vessel atoms) and of the gold with the oxidizing (principally 
i A hydroxyl radicals)components of the radiolysis of water 
on elebirod TH [1]. According to data provided by Clark [2] a smooth 
a platinum electrode is specially sensitive to the effect of 
irradiation compared with a platinized electrode, although 
Fig. 1. Schematic representation of measur in their behavior the two electrodes are basically similar, 
ing cells, A) Measuring vessel containing 
the solution under investigation; B) auxiliary 
vessel for preliminary saturation of the solu- 
tion with the required gas, The diagram does 
not show the leads into the measuring cell 
for the entry and removal of gases, nor the 
lead for the removal of solution from the cell, 
which is a fine tube attached to the base and 
bearing a tap. 


platinum electrode 


Developing the idea of Allen concerning the ap~- 
proach to equilibrium concentration conditions of the 
oxidized and reduced forms of a substance under prolonged 
irradiation of the solution, Dainton and Collinson sug-- 
gested that the state in which the rates of the oxidation 
and reduction processes are equal is characterized by the 
oxidation-reduction potential equivalent to that of ir- 
radiated water [3]. Henderson and his colleagues [4] 
found that, in the presence of an oxidation-reduction in- 
dicator (usually KI), the constant potential of a platinum 
electrode in an irradiated solution attained the value of 0.85 v in relation to a hydrogen electrode in the same 
solution, This value does not depend on the nature of the oxidation-reduction indicator, the magnitude of the 


e 
: 
; 
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radiation dose or the value of the pH, and is taken 


Veagainst pormal hydrogen D 


by the authors to be the same as the oxidation-reduc- 
pom potential of irradiated water. 
ao We have devoted our work to the problem of 
discovering the conditions under which, using a plat- 
oo WA 2 J inum electrode, the hydrogen potential is attained, 
q G ° and those under which the value close to 0.85 v is at- 
“el tained, as well as that of determining the part played 
i B by the products of irradiation (whether molecular or 


radicals) in the setting up of the potential. We have 


studied the behavior of a smooth platinum electrode 


Fig. 2, Relationship between the potential of the in sulfuric acid solution over a wide range of radi- 

platinum electrode and the time of irradiation for ation dosage and of dose-intensity, Irradiation was 

various dose- intensities (in ev/ cm’ sec), 1) 2° carried out with ROntgen rays (potential 80 kv, maxi- 
*10"7; 2) 5*10'*; 3) 2°10'*, Solution I wassa- mum current strength 200 ma), in glass cells of two 
turated with nitrogen, | ) irradiation commenced, designs (Fig. 1, I and II), in which the maximum at- 
‘t) irradiation discontinued, Measurements car- tainable dose- intensity was,respectively, ~ 3+ and 
ried out in cell I, ~7+10'8 ev/cm®+sec), In cell I, owing to the large 


liquid meniscus and the small thickness of the solu- 
tion layer (2-3 mm), the hydrogen formed by radiol~- 

ysis can separate from the solution in the course of the experiment; in cell II the liquid meniscus is very small, 
and so the removal of the hydrogen into the gas phase is more difficult, In both cells the possibility was envisaged 
of changing the solution in the course of the experiment by transferring it from the reserve vessel B, where it could 
be saturated beforehand with the corresponding gas, In some of the experiments the cell took the form of a ver- 
tical, thin walled tube of diameter 7 mm, though which the solution flowed; irradiation by a horizontal beam was 
applied to a part of the cell, of height 3 mm, in which the electrode was situated, A solution of 0.8 N H,SO, was 
prepared from doubly distilled sulfuric acid, The hydrogen and nitrogen for saturating the solution were purified 
of traces of oxygen and other impurities, Measurement of potential was performed by means of a cathodic 
voltmeter, and the comparison electrode was either a hydrogen electrode or a mercury-sulfate electrode, The 
platinum electrode was prepared by extracting in hot aqua regia and washing in hot, doubly distilled water; before 
use in the experiments, the electrode was submittedto cathodic-anodic polarization in turn, either in the same 
or in a different apparatus, 


Figure 2 shows the relationship between the potential of the platinum electrode and the time of irradiation 
for various dose intensities, It can be seen from this figure that the potential of the platinum in a solution satur- 
ated with nitrogen, under the influence of radiation, is displaced initially in a negative direction (section A), and 
reaches a value close to that of the reversible hydrogen electrode (section B), However, the hydrogen potential 
on platinum is not constant, since as the irradiation is continued, the potential is again displaced, this time in a 
positive direction (section C) reaching the value of ~0.85 v. 


The potential under irradiation reaches the reversible hydrogen value after the absorption of 3-5. 108 
ev/ cm’, independently of the dose intensity.* If we suppose that the yield of molecular hydrogen in the solu- 
tion of 0.8 N H,SO, is equal to 1,0 molecule per 100 ev [5]. The concentration of molecular hydrogen in the solu- 
tion for a dose of 4-10'* ey/ cm® would be 1.0 -4°10'*- (100-6 107) = 6.6+ 10°> mole/ liter, The concen- 
tration of hydrogen in the sulfuric acid solution, when this is saturated with hydrogen at atmospheric pressure and 
room temperature, is ~6*10~ mole/ liter, Since, in our experiments, the potential of the platinum during irradi- 
ation is some 10-40 mv less than the equilibrium hydrogen electrode, and the temperature of the solution during 
the irradiation period rises to 40°, we calculate that the observed value of the potential corresponds to the con- 
centration of molecular hydrogen formed by radiolysis, This conclusion is confirmed by the following observations, 


1. If the irradiation is interrupted before the greatest negative value of the potential has been attained, the 
potential continues to be displaced in the negative direction; a similar phenomenon has been observed earlier in 


* Approximately the same dose is required, according to the data of Ts, I, Zalkind and V, I. Veselovskii, using 
gamma radiation from Co™, in experiments where the dose intensity was 2+ ev/ cm: sec, 


our laboratory with nitrate solutions [6], In cell I the displace- 


V(normal hydrogen A ment of potential continues to a value of 0.85 v, while in cell 
electrodegg p> ae fe II the potential remains for a considerable time close to that of 
‘ the hydrogen electrode. This shows that the potential is depen- 
dent on the concentration of the molecular hydrogen product, and 
sl that the stationary state at the electrode is not set up instantane- 
ously, 
si 2, Addition to a solution of sulfuric or perchloric acids of 
S active acceptor radicals (4+107* mole/ liter KBr), although re- 
gr ducing the hydrogen atom concentration by a factor of 10°, does 
not alter the relationship between the potential and the dose as 
0 n n =... compared with a pure solution of the acid, 


0 JMin. 


Fig, 3. Relationship between the po- 
tential of platinum and the time for 
a flowing solution under irradiation, 
Rate of flow equals 0.2 cm’/ sec; lin- 
ear rate equals0.42 cm/sec, The so- 
lution is saturated with nitrogen, At 
point A the flow is interrupted, and 
at point B, resumed, 


3. When the solution is caused to flow through the cell— 
that is, under conditions when the stationary concentration of 
the molecular products of radiolysis is appreciably reduced, and 
the stationary concentration of radicals is changed only slightly 
in comparison with that in a nonflowing solution, irradiation does 
not cause any shift of potential in the negative direction, When 
flow is discontinued, the potential on irradiation changes accord- 
ing to the same law as in cell II (Fig. 3). 


4, In cell Il, the rise of the potential to a value of 0.85 v 
takes place at a larger dose than in cell I, in which the stoichio- 
metric relation between the concentrations of HO, and H, in the solution is disturbed in the direction of increased 


All this shows that atomic hydrogen does not play a significant part in establishing the hydrogen potential 
under irradiation, S, D, Levina and T. V. Kalish came to the same conclusion in their work on the behavior of 
nickel electrodes during irradiation [7]. 


The potential of 0.85 v appears to be the stable state of the platinum electrode in an irradiated solution of 
sulfuric acid, though the dose at which this value of the potential is reached depends to some extent on the com*+ 
position of the electrode surface, and on the rapidity with which exchange takes place between solution and gas 
phase of the gaseous reaction products, The value of 0,85 v in apparatus I is arrived at after the absorption of 
3-10'° ev/ cm’, and in apparatus II after 10” ev/ cm, independent of the dose intensity,* After this value 
has been reached, further irradiation for an hour or more (dose intensity 1-10'7 ev/ cm*+sec) does not change it 
further, Interruption of irradiation at this point also leaves the value of the potential practically unaffected, Re- 
peating of the irradiation after this stable value has been attained, using the same electrode in the same solution, 
produces a negative shift of potential of 20-50 mv, after which the value again rises to the stable value (Fig. 2, 
curve 2, commencement of irradiation, point D), If the solution is replaced by a fresh one, the potential on ir- 
radiation is again shifted to the equilibrium hydrogen value (Fig, 2, curve 2, replaced solution — point E), and 
afterward to 0.85 v. These phenomena are repeated over and over again at the same electrode, whenever change 
of solution takes place, 


A shift of potential from the hydrogen value toward the positive is associated with the accumulation of hy- 
drogen peroxide in the solution during the course of irradiation, Figure 4 gives for comparison curves showing the 
relationship between the potential of platinum in the sulfuric acid solution and the concentration of H,O,, Curve 
1 shows the change in the potential of the platinum on addition of a solution of H,O, saturated with nitrogen to 
the solution of H,SO, saturated with hydrogen, Initially the change in the potential is very small, but at a con- 
centration of H,O, around 2.4*107* mole/ liter, there is a sudden shift in a positive direction, up to a value of 
~0.8v. Curve 2 shows the relationship between the potential and the dose when the dose: intensity is 7-10'® 
ev/ cm?* sec, determined in cell II and recalculated to give the relationship between the potential and the 


* According to the data of Ts, Zalkind and V, I. Veselovskii, approximately the same dose of Co y-radiation 
was required in experiments where the dose strength was 2: 10*° ev/cc. sec, 
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concentration of the H,O, formed (taking the yield of H,O, as 
0.8 molecule per 100 ev). It is seen from Fig. 4 that the H,Ox,, 
independently of the manner in which it is introduced into the 
solution, produces a shift of potential to a value of ~0.8 v. The 
following results are also explained by the accumulation of H,O, 
up to a stationary concentration. The hydrogen potential at at- 
mospheric pressure of hydrogen is not changed by prolonged ir- 
radiation, But the potential of platinumin H,SO, solution, at a _ 
hydrogen pressure of 0.1 atmosphere under prolonged irradiation 
(dose ev/ cm’) is shifted to 0.85 v. In the first case, 

because of the large exchange current of the reaction of forma- 

tion or ionizationof hydrogen, the accumulation of H,O, up to the 
"09 G7 U 15 19 @imole/iivre x10" stationary concentration is not able to shift the potential in a posi- 

(H,0,) ——~ tive direction, When the concentration of hydrogen is reduced by 

a factor of 10, and a corresponding reduction takes place in the 
exchange current of the hydrogen, the reduction of H,O, which 
takes place in the solution at the stationary concentration causes 
the potential to shift in the negative direction, 


V(normal hydrogen electrode) 


06+ 


Fig. 4, Relationship between the 
potential of a platinum electrode 
in 0.8 N sulfuric acid and the con- 
centration of H,O,: 1) a solution of 


H,O, saturated with nitrogen is ad- Thus, the potential of the platinum electrode in 0.8 N sul- 
ded to the H,SO, solution saturated furic acid solution under the influence of irradiation is determined 
with hydrogen; 2) the H,O, 1s formed by the accumulation in the solution of the molecular products of 
in situe on the irradiation of the the radiolysis of water: that is, by hydrogen and hydrogen peroxide, 
H,SO, solution saturated with nitro- The radicals produced do not play a significant role in establishing 
gen, the potential of the platinum: the major part of these, evidently, 


is recombined in the volume of the solution and on the electrode 
surface. 
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The effect of the mutual interaction of chemisorbed particles (atoms or molecules) [1] is basically bound 
up with the delocalized pertubation functions of the electrons in the crystal adsorbent, which should lead to the 
development of repulsions between the particles which will diminish with the distance A considerably more slow- 
ly than exp (—A / a»), where ay is the Bohr radius, 


In order to consider the relationship between the differential heat of adsorption and the extent to which the 
surface is covered— which is one of the evidences that mutual interaction is occurring — we make use of the method 


of localized states in the molecules and the crystals [2, 3], in its application to adsorption [4]. The results con- 
stitute a development of those obtained earlier by another method [5]. 


We introduce the following relationships: 


(1) 


the Hamiltonian of an electron in a crystal in a one-electron approximation (where Hy is the kinetic energy, and 
V,, the mean potential in the crystal); 


H,=H,+Vs2 (2) 


the Hamiltonian of an electron in the layer of chemisorbed atoms, taking no account of the interaction between 
them and the adsorbent (where V, is the potential of the atomic skeleton); 


(3) 
the Hamiltonian of an electron in the adsorbate-adsorbent system, The corresponding eigenvalues and eigenfunc- 
tions are: al, € {neglecting the interaction exp(—A/ |k, j>, >) dm|@:m>, |/> (where k is the quasi- 

m 


impulse in the zone j; m is the position of the adsorbed atom on the surface), 
Let 


| I> D> + >} 2m | Gm). 
k,/ m 


= 
4 
6 
(4) q 
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Then putting <k,J | agg > = 0, we obtain, 


<k,j | Vi | 


k’, i’ k 


& 


. 1k & 


The Fourier transformation for the quasi-impulsek of each zone j , corresponding to the transfer to the 
crystal under discussion by means of the Vanier function [4], gives: 


>) Cha Ve +- >) Com | Vi! 


n’,n”,/ m,n 


(6) 


1 
Com = Com’ (om | Vi! 
m’ 


j 


where da and an > are the Fourier forms cy, and |k,j >, 
1 1 k 


ji 4 ef k(n’—n) 
(7) 


N being the fundamental region of the crystal, 


‘ 
We suppose, now, that V, ~ constant (as in the case of metals), and that <alal V2 | aln > =0;j #j'. Under 
these conditions (6) can be converted to the form: 


> dy Vo a» Com <ai V\| Asm > 


n m,n 


(8) 
Com — Sy — | Vi| Qom>) = 24m | Vo! a + O(e-4%), 


Limiting the equation to the nearest neighbors of atom number m, we obtain; 


a 


i 


(9) 


At this point we use the relationships: 


= (Aom iV,| dom >, = | | >, 85 = (dom Vo! Qim>. 


(10) 


For ad may be obtained limiting values on both sides; 


Voi aig? < <7 <k, Valk, j>. 
k 


The function A senate | 9) may be discarded if a limit is imposed on the degree of covering of the sur- 
face, of the form @ > (a Jay (where a is a lattice constant), 


(5) 
|| 
474 


On the assumption of a sufficiently correct arrangement of the adsorbed atoms, the solution of (9) for the 
state localized on the surface of the adsorbent may be expressed in the form: 


Chm = Che*™, Com = 


(12) 
The corresponding eigenvalues are found from the equations: 
al (I) + 414 cos x1 Cos x9) (13) 
= Bis. (15) 
In (12) and (13) x, and Ky may vary within the limits of —m and r. 
The solution of equation (13) may be written in the form 
loc -+ hi ( ) (16) 


where €),,,, to a first approximation is the solution of (13) for i =0, The effective asymmetry of the zone of 
Eq. (16) produces, for the linking states of the last named, of the order of a chemical bond, part of the interaction 
effect, 


The other part of the effect is associated with the relationship between the level of the volume state of the 
adsorbent and the degree of covering of the surface, It may be shown that the solution of (9) in this case can be 
adequately expressed in the form: 


Cle = = Com = Cor. (17) 
Then [5], 
M 
= k); (18) 


where M is the number of atoms adsorbed on the fundamental region of the crystal: 


k) = yeks! (A, k). (19) 
In the case where ef = ef 5a, k) is found from the equation 


cos k, A cos 


in which, 


4 ika (21) 


415 


2 
4 
i 
— & = 2) 
dk 
|| 


If the zones j and j* are crossed at some part of the k area, the corresponding 54a, k) as before, is found 
from Eq. (20) in which = oo, Therefore, 


1) 41, cos ky A cos ke 
(I! 4- 414 cos cos (22) 


We suppose now that the density of the levels in the volume zone (18) is considerably greater than in the 
surface zone (16), We then obtain for the differential heat of adsorption, 


Q, = P+ + & — (24) 


and @ is the energy of interaction of the atomic skeleton with the lattice skeleton, In (23) the first integral is 
performed over the entire zone of (16), and the second to the Fermi impulse kr of the crystal; when the former 
appears as exp(—A//a), and the second asGinkp A)/ A. Both these terms decrease much more slowly than the 
usual repulsion exp(—A/ag). 


After neutralizing by A, (23) gives: 
Q = Qu + Fi(Aint, 4) 0 4- Fe (Rr) 9. (25) 


Here Ajnz is a combination of oy, a», and z; X =\€ 9—0/28| may be called the degree of localization of 
the bond; a and 6 are the effective Coulomb and resonance integrals of the crystal; @ is the degree of covering 
of the surface; F, < 0, Fz < 0,| Fy(A)|~exp@),| Fe(kp) | have maximum value in the mean part of the valency 
zone, 


Even at this stage it is possible to derive definite confirmation of the theory by experiment, Thus, accord- 
ing to the magnitude of dQ/d@ the metals should be arranged in the following order: 


Pt>W>Ta>Pd>Ni>Co>Fe. 


For the gases there is a corresponding sequence, decided on the basis of the degree of dipolar character of 
the bond, thus 


> Hz, > CO > Og. 
The author wishes to express his thanks to Professor M. I. Temkin for his comments on the results, 
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Pure magnesium, when stored for a prolonged period in air at room temperature, becomes covered with an 
oxide film which prevents the penetration of oxygen to the interior of the metal, The thickness of the oxide layer 


increases with increase in temperature, When a certain limiting temperature is reached, the Mg ignites and con- 
tinues to burn, 


Fig. 1. Electron diffraction diagram for magnesium immediately after transfer from the pul- 
verization chamber (a), and after storage in air for 24 hr (b), and 72 hr (c). 


The reason for this behavior of magnesium and for its interaction with oxygen is explained by the specific 
structure of its electron shell. In the magnesium atom, the two valence electrons, with spins in opposite direction, 
occupy the 3s subgroup in the free state, In the crystal, the two valence electrons from each atom are arranged 
in 3s3p hybrid orbitals, and their spins are in the same direction, In magnesium atoms, situated on the surface of 
the solid metal, some of the bonds are not compensated and the potential field created by the surrounding atoms 
is weaker in this case, It can, therefore, be assumed that the properties of these surface atoms are closer to those 
of free atoms, than atoms in the interior of the metal, Thus, the valence electrons of the surface layer of mag- 
nesium atoms, being for the most part in the 3s-state, should readily form an exchange with the p-electrons of 
oxygen, 
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Fig. 2. Electron diffraction diagram of magnesium containing 
a small quantity of Nd, immediately after pulverization (a) and 
after storage in air for one month (b). 


These views regarding the mechanism of the oxidation of magnesium have been confirmed experimentally 
by introducing into the surface layer of the magnesium atoms of neodymium, which apparently raise the valence 
3s electrons of the magnesium atom to the higher 3p level, preventing them, in accordance with the “selection 
rule," from forming an exchange bond with the valence electrons of the oxygen, Examination of the struc- 
ture of the electron shells of the atoms has established that certain other elements can also be used, in addition to 
neodymium, for this purpose. 


The ease of oxidation of the magnesium was estimated from the change in the character of the electron dif- 
fraction patterns obtained from appropriate specimens, 


The specimens for the electron diffraction studies were prepared in.a vacuum pulverization chamber, in 
which pressures of the order of 5—-7> 10°° mm could be achieved, and which made it possible to avoid oxidation 
of the metal, The supports for the pulverized metals consisted of very fine collodion films deposited on brass 
washers, The materials pulverized consisted of 98% neodymium and magnesium—neodymium alloy containing 
45% neodymium, Magnesium of 99.98% purity was also oxidized, 


The conditions under which the metals were pulverized were kept identical as far as possible, The distance 
from the collodion film to the molybdenum spiral was equal to 95-97 mm, In order to pulverize the magnesium 
and the magnesium—neodymium alloy, the heating current of the spiral containing the metal specimen was slowly 
raised to 5 amp, then raisedrapidly to 7-8 amp, and kept at this value for 3-5 sec, The neodymium was pulverized 
at a higher temperature. In this case the current in the spiral was slowly increased to 10 amp, then raised rapidly 
to 18-20 amp and kept at this value for 10-15 sec, 


The metallic films obtained under these conditions were cooled in vacuo, removed from the pulverization 
chamber, and quickly placed in the electron diffraction apparatus, which had previously been made ready for oper- 
ation, After the first electron diffraction diagrams had been recorded, the films were stored in air for different in- 
tervals of time at room temperature and the electron diffraction studies repeated, at a voltage of 40 kv. 


Figure 1,a,b, and c, shows electron diffraction diagrams for pulverized magnesium films after storage in air 
for different intervals of time. It was found that the rate of oxidation of pure magnesium is very high. Magnesium 
oxide is formed in the very short time interval (1-2 min) during which the film is transferred from the pulveriza- 
tion chamber to the electron diffraction apparatus, 


Figure 1,a, shows the electron diffraction diagrams for one of these specimens, It shows, in addition to the 
interference rings with indices (100) and (101) characteristic of magnesium, weak (002) and(022) rings belonging 
to magnesium oxide, 


In the electron diffraction diagram for the same film after storage in air for 24 hr (Fig. 1,b), the interference 
rings of the magnesium oxide are much more intense, while the magnesium rings are less intense, 
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Increase in the time of storage of the magnesium film in air leads to more complete oxidation, The elec~ 
tron diffraction diagram (Fig. 1,c) shows that the quantity of magnesium in the specimen is much smaller than 
before. The quantity of magnesium oxide, on the other hand, has increased, 


The oxidation of neodymium takes place in quite different fashion, The electron diffraction diagram for 
neodymium, which has not been exposed to the action of air, shows distinct interference lines with indices (100), 
(102), (103), (106), etc, After the neodymium has been stored in air at room temperature for 1 hr, certain changes 
take place, as a result of which some of the interference rings on the electron diffraction diagram disappear, while 
others become blurred, These changes in the diffraction pattern may indicate the start of the oxidation of neo- 
dymium and a decrease in the degree of long-range order in the arrangement of the atoms in the crystal lattice, 


Similar studies were carried out with films of magnesium which had reacted with neodymium, In this case 
it was necessary to pulverize, on to the magnesium surface, a quantity of neodymium which would not produce 
the intermetallic compound MggNd, whose properties differ considerably from those of magnesium, This was 
achieved successfully by choosing suitable pulverization conditions, 


Figure 2,a, shows the electron diffraction diagram obtained immediately after the pulverization of mag~- 
nesium and an extremely small quantity of neodymium, Examination of the electron diffraction diagram showed 
that all the intense interference rings belong to magnesium, Only one weak ring belongs to magnesium oxide, 

The formation of oxide in this case results from the small quantity of oxygen remaining in the pulverization cham- 
ber in spite of the high vacuum (107° mm). 


Fig. 2,b, shows the electron diffraction diagram obtained for the film of magnesium and neodymium after 
storage in air for one month at room temperature, The diagram shows that the magnesium interference rings have 
not changed, in spite of the prolonged exposure to atmospheric oxygen. This indicates the marked influence of 
the neodymium in retarding the oxidation of the magnesium, This effect, shown by the neodymium is undoubtedly 
related to the particular features of the structure of the electron shells of its atom and of the magnesium atom, In 
the neodymium atom, one valence electron is situated in the 5d shell and two in the 6s shell, According to the 
selection rule, however, the 5d shell can hold 10 electrons, 


The fact that only the magnesium interference rings are present in the last electron diffraction diagrams 
indicates that the quantity of neodymium present is extremely small, It can therefore be assumed, in accordance 
with semiconductor structure theory [2], that the energy zones in the neodymium atoms of the test specimens do 
not overlap, and that the distribution of electrons in these zones is the same as in the free atoms, 
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Fig. 1. The concentrations of acrolein and 
carbon dioxide as a function of contact time, 
1) CHO, 320°; 2) CO,/ 3, 320°; 3) CHO, 
380°; 4) CO,/3, 380°. 


VTI-2 gas analyzer, 


to be less stable than propylene, 
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Under mild catalytic conditions the oxidation of hydrocarbons produces some carbon dioxide and water (com- 
plete combustion) besides the desired oxygenated hydrocarbons, In certain selective oxidations such as ethylene 

to ethylene oxide[ 1, 2],, naphthalene to phthalic anhydride [3], and several other cases the CO, does not result from 
the oxidation of the end product but is formed by an independent concurrent route, The amount of work on the 
oxidation of propylene to acrolein is rather limited [4, 5], and hence, it is impossible to make any definite state- 
ments with regards to the mechanism by which carbon dioxide is formed in this reaction, 


To clarify this problem we investigated the concentra- 
tion of the products formed in the oxidation of CgH, as a 
function of contact time, and studied the oxidation of acro- 
lein and propylene on the same catalyst under similar con- 
ditions, The catalyst was prepared by depositing Cu(NOs), 
(from solution) on pieces of carborundum (2-3 mm grain 
size) and firing the deposits at 400-450° in a stream of air, 
The study was carried out by means of a flow method and 
the absence of diffusion hindrance was checked in specially 
designed experiments, The starting mixture in the oxida- 
tion of propylene contained 4,8-5,1% O2, 20-21% C3H,, and 
14-15% Nz, while r = 0.4-0.8 sec; the gases which had pas- 
sed the contact area contained up to 0.4-0.6% acrolein while 
the oxygen content, was reduced by 1-3%, In the oxidation 
of acrolein the starting mixtures contained 1.4-1.6% C3H,O, 
3.2-3.6% O,, and 95% N».- We determined the acrolein con- 
tent by the bromide—bromate method; small amounts of 
carbon dioxide were determined by absorption in standard- 


ized Ba(OH), solutions, while large amounts,by direct gas analysis; C,Hg, O2, and CO were also determined in a 


The data presented in Table 1 show that neither propylene nor acrolein undergo any significant oxidation 
in either the empty reactor or on the carrier of temperatures between 300 and 400°C, though acrolein turned out 
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TABLE 1 


The Oxidation of Propylene and Acrolein in an Empty Glass Reactor and on a Carbon Car- 
rier, The Reactor Diameter was 16 mm, the Heated Zone 80 mm High, the Flow Rate of 
the Mixture 121-133 cm*/ min 


Propylene oxidation Acrolein oxidation 
Experimental |temp.| gases beyond the gases beyond | Percent 
conditions | |_teactor Ozcon- | temp.|the reactor C3H,O 
| co, | o, [med | °C | | co, | consumed 
Empty reactor | 380 | traces | — | 5,0 0 300 1,64 | 0,00 0 
350 1,53 | 0,05 1 
400 1,55 
430 1,24 
On a carborun-| 381 |traces — 1 68 0 349 1,50 
dum carrier | 419 0,04 — | 5,0 0 400 1. 


* Calculated values, 


The Effect of Contact Time. The contact time r was 


% varied by changing the flow rate of the reaction mixture and 
altering the amount of catalyst. When large contact surfaces 
60\- were used, the first 2 cm® of gas would diffuse into the car- 

rier, and consequently the temperature variations throughout 
«4 F 2 the catalytic layer did not exceed 3-4° even at large per- 
cent conversions. The data presented in Fig, 1 show that 
/ 2 sec 


at lower temperatures (320°C) the amounts of C,H,O and 
CO, increase steadily with increasing r, At the same time 
the selectivity varies very little (Fig, 2) over a wide range 
of r(0.28-3.87 sec), This indicates that the predominant 
reaction at 320° is the formation of acrolein and carbon di- 
oxide by two concurrent and independent routes; 


Fig. 2, Selectivity in the oxidation of pro- 
pylene to acrolein as a function of contact 
time: 1) at 320°; 2) at 380°C, 


C;H,O 
C3Hg + O2 
CO; + H,O 
At 380° the acrolein concentration curve exhibits a maximum at rt = 1,2 sec; meanwhile the amount of carbon 
dioxide steadily increases while the selectivity decreases; all of this provides clear evidence that the acrolein 


which is being formed undergoes oxidation, The formation of carbondioxide follows at this temperature a con- 
current — consecutive reaction scheme; 


+0 
C;H,0 CO, + 


+ 
CO, H,O 


Acrolein Oxidation, We investigated the catalytic oxidation of acrolein by varying the amounts of copper 
per unit volume of the catalyst; oxidation of propylene was studied in a similar manner, As a rule the reaction 
would ensue even at temperatures below 300° when samples containing large amounts (9 g Cu per liter of catalyst) 
of copper were used; at 310-320°C and r = 0.8 sec the reaction products contained 0,3-0.4 %CO, (Fig. 3). On 

contacts containing less copper (2.5 g Cu per liter) the oxidation of acrolein would not proceed below 310-320°C 
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TABLE 2 
The Oxidation of Acrolein on Oxidized and Reduced Copper Catalysts 


Expr | Catalyst treatment Exptl. of outflow- | 
No. | conditions temp., consumed 
°C CO; Or 

1 Og; 345°; 2 hr 347 1,27 0,71 2,12 16 

2 Hg; 345°; 2"/ hr 345 1,31 0,30 2,45 7 

3 Ha; 345°; 2hr 344 1,45 0,20) 2,70 5 

5 | Og; 345°; 22/2 hr 345 1,29 0,48 2,30 14 

6 | Os; 345°; 5 hr 346 1,19 0,64 2,10 14 

7 He; 346°; 34/s hr 346 1,35 0,38 2,70 9 

9 | Decompn. of Cu(NO, dat 420° 

420° Cu(NOs)s 77 1,40 EES 1,6 26 

10 H2; 380°; 4 hr 380 1,25 0,69 2,0 15 

11 Oe; 375°; 3 hr 380 1,16 1,15 1,35 25 

12 | He; 375°; 5 hr 377 1,35 0,68 2,10 15 


(Fig. 4). The reaction rate decreases considerably when the 

contact time is reduced, Thus, when r = 0.8 sec 30% of the 

t acrolein is oxidized at 360°C on a catalyst containing 9 g of 
Cu per liter, and above 380° half the initial acrolein is oxi- 
dized (Fig. 3), But whenr = 0.4 sec and a similar contact 
is used (10 g per liter) only 10% of acrolein is oxidized at 

2 355° and 30% at 385°C, 


Thus, the product can undergo partial oxidation at the 
temperatures normally used in the catalytic synthesis of acro- 
2 lein (330-370°), However, our experiments have shown that 
ES when the same type of a contact surface is used, the oxida- 
300 320 30 WO “0% tion of propylene was accompanied by appreciable evolution 
of carbon dioxide even at temperatures well below those re- 
quired for the oxidation of acrolein. Curve 1, in Fig. 4 shows 
the amount of CO, formed when CgH, is oxidized under con- 
ditions identical to those used in the oxidation of C3H,O, It 
is quite obvious that at any one temperature propylene yields 
much more CO, upon oxidation than does C,H,O, No explana- 


tion is possible for this observation if we assume that all of the carbon dioxide is produced by the oxidation of 
acrolein, 


C,H,O and CO, content 


Fig. 3. The temperature dependence of 
acrolein oxidation on a catalyst contain- 
ing 9 g of Cu per liter. 1) CO,; 2)C3H,O; 
3) percent C,;H,O consumed (X), 


The propylene and acrolein oxidation data support the above ~presented hypothesis that at lower temperatures 
(300-325°) CgH,O and CO, are formed in two concurrent reactions, while at higher temperatures simultaneous 
concurrent and consecutive reactions take place, 


In a recently published paper [6] it has been proposed that the oxidation of propylene on copper contacts fol- 
lows a concurrent consecutive scheme and that the consecutive reaction predominates, The authors of the work 
cited above carried out the reaction at high temperature (396°C) and used a long contact time (r = 1.2 sec), under 
which conditions the reaction is not selective. Our data indicate that at these temperatures and contact times CO, 
is indeed formed in a reaction concurrent with the formation of acrolein as well as through the oxidation of the 
latter, the oxidation of C,H,O being very extensive. When propylene is oxidized under selective conditions, the 
concurrent formation of CsH,O and CO, constitutes the principal reaction, The reaction temperature constitutes 
the decisive factor in determining whether the concurrent or the consecutive reaction should predominate, It is 
rather difficult to determine the precise temperature threshold at which the oxidation of acrolein begins since it 
depends on the amount of copper on the contact surface and the contact time, 


As has already been shown [7, 8], the original cupric oxide is partially reduced during the catalytic reaction 
to cuprous oxide on which the oxidation of propylene to acrolein subsequently proceeds, It was interesting to de- 
termine the activity of various phases with respect to the oxidation of acrolein, To do this we either reduced the 
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Fig. 4. The temperature dependence of 
acrolein oxidation and CO, evolution 
during the oxidation of propylene on a 
catalyst containing 2.5 g of Cu perliter, 
1) CO, evolved in the oxidation of CyH,; 
2) CO, evolved in the oxidation of C,H,O; 
3) oxidation and decline in the concen- 
tration of C,H,O; 4) percent CsH,O oxi- 
dized (X). 
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* See CB translation. 
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catalyst with hydrogen before using it, or oxidized it with oxygen 
to CuO and tested its activity. We were unable to make any 
quantitative deductions with regard to the course of reaction 
on any of the individual phases (CuO, Cu,O, or Cu) since as 
soon as the gaseous mixture is introduced into the system some 
of the mixture components alter the chemical composition of 
the catalytic surface. However, Table 2 shows that in all the 
cases where the contact was first reduced, the oxidation of 
acroleinhad less extent than in cases where the catalyst was 
heated in an atmosphere of Og, or in other words, the catalytic 
activity of the contact with regards to acrolein oxidation is 
directly proportional to the oxidation state of the catalyst, 


In the light of these data it becomes clear why the con- 
tact selectivity was found to increase (with respect to the initial 
preference) with time during the oxidation of propylene, Ini- 
tially, when the catalyst contains large amounts of cupric oxide, 
the oxidation of acrolein proceeds more rapidly, As the catal~ 
yst is gradually reduced, the amount of CuO decreases, the 
oxidation of acrolein becomes more difficult, and the selec- 
tivity increases, In this manner the contact composition re- 
gulates itself so as to favor the formation and greater stability 
of acrolein, 
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EXPLOSIVE DECOMPOSITION OF NITROUS OXIDE 
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Translated from Doklady Akademii Nauk SSSR, Vol. 132, No. 5, pp. 1129-1131, 
June, 1960 


Original article submitted February 1, 1960 


While studying the critical parameters in the inflammation of cyclohexane~ nitrous oxide mixtures we were 
struck by the unusually low threshold fuel concentration in dilute mixtures: 0.33% CgHj,. The heat of combus- 
tion of cyclohexane can barely heat such a mixture adiabatically to 400°C, Since combustion could not be sus- 
tained under these conditions, it is obvious that the combustion temperature Tp must be raised by the exothermic 
decomposition of nitrous oxide, We have therefore proposed the possible existence of a stationary flame in the 
decomposition of nitrous oxide. Let us recall that the self-inflammation of N,O was predicted by D, A. Frank- 
Kamenetskii [1] and subsequently experimentally confirmed by Ya. B. Zel'dovich and V. 1. Yakovlev [2]. Later 
on N,O was found to ignite spontaneously when compressed in shock tube [3](T ¥ 1400°K). 


We examined the propagation of flame through cold nitrous oxide ignited by point-impact from the stand- 
point of the "theory of the limit of slow flame propagation " [4]. As the heat is conducted from the reaction zone 
to adjoining layers of combustion products and lost, the reaction will slow down and the flame become extinguished. 


In fairly wide tubes, d > d., (normally d,, » 5 cm at 1 atm), heat transfer to the walls is insignificant and most 
of the heat is dissipated through radiation, 


Heat losses increase in relative importance when the normal flame velocity u,, is reduced, At a certain 
minimum u,, = Ucy, we attain the critical conditions which set the concentration limits of flame propagation, 
For air—carbon monoxide mixtures the calculations of Ya.B, Zeldovich yielded u,, = 2-3 cm/sec; subsequent 
exact measurements [5] on several mixtures of CO and hydrocarbons containing air yielded u,; = 3.1-4.2 cm/sec, 
These data can essentially provide an answer to the basic problems involving the inflammability of N,O. 


One may assume that the product of intensity and the adsorption band width in unburned gas is very small 
in comparison with the total radiant energy produced in the combustion of N,O. At the same time the heat trans- 
ferred from a unit weight of combustion products by radiation is independent of the pressure, Therefore, under 
variable pressure the flame propagation limit does not depend on u,, but on the combustion mass velocity up (p 
being the density), the magnitude of which determines the velocity of heat transfer, Since up ~ ¥@ [6], where ® 
is the reaction rate in the flame, the heat losses from the reaction zone of any exothermic reaction of an order 
higher than zero decrease with increasing pressure p; when p = p,, stationary combustion becomes possible, 


A rough estimate of p,, cam be made by assuming that u., = 3 cm/sec in any burning mixture at p = 1 atm, 
When applied to the decomposition of N,O, this assumption should make the calculated pc, slightly higher since 
the emission from O, and N, is much weaker than from CO, and H,O and u,, is expected to be greater in hydro- 
carbon mixtures than in N,O, It seems that even very small amounts of NO (one of the products of N,O combus- 
tion) substantially affect the radiation intensity, Let us also note that uc does not depend exclusively on the 
radiation intensity—other conditions being similar higher activation energies will also tend to increase it, 
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At higher pressures the decomposition of nitrous oxide is 
known to be a monomolecular process, the raction follows first- 
order kinetics and the asymptotic (at p = oo) rate constant k.. = 
=4,2+ 10° + ¢ ~89000/ RT Thermodynamically calculated 
Th= 1860°K, while the equilibrium NO concentration in the reac- 
tion products is 0.61% (Tp is also independent of pressure). We 
13 . calculated the thermal conductivity \ of the reaction products at 
T= Tj, by using the method and the collision parameters given by 
Equilibrium pain, Hirschfelder [8]; = 2.90-1074 cal/cm-+sec+deg. The normal 
4 4 § 6 7atm 


Fig. 1 


tn = V2 (Tr) hoo (Ts) RT3/PQ (To — To) To, 


where @ = RT?/A, A being the activation energy, Ty = 290°K, the temperature of the ignition gas, Q = 1.95-10* 
cal/ mole, the molar heat of reaction, In the absence of any heat losses u, = 1.7 and 0.54 cm/sec, respectively, 
at 1 and 10 atm, Taking uc;Pcy = 3 cm*atm/sec we get po, = 3,1 atm. Interpolating some more recent data ° 
[9] we get for our experimental conditions k = 1.2 -10'*- ¢~69/ E" | whence p,, = 1.2 atm. 


The critical inflammation conditions were experimentally determined in a stainless steel cylindrical bomb 
61 mm in diameter and 545 mm long. To permit visual observation 5 window holes were punched at equal, in- 
tervals along the resulting bomb, The charge was ignited by short-circuiting a current from a 220°12 v trans~ 
former across a copper wire 0,2-0.3 mm in diameter; the wire was attached to the electrode plugs at one end 
of the bomb. 


It was thus experimentally demonstrated that the inflammation ofcold N,O is indeed possible. When the 
lower end of the vertically placed bomb 1s ignited p,, = 1.6040,08 atm. This value was fully reproducible, In 
several experiments, where a current from a 10-times-as-powerful transformer was used, the value of pcr remained 
unchanged, The same value of pcr was obtained in isobaric combustion; to achieve isobaric conditions a 40 liter 
shock-absorber bulb was filled with nitrogen at the same pressure and attached to the bomb prior to ignition. 


To determine the effects of T,on the critical inflammation pressure we added various amounts of nitrogen 
gas to the oxide, Experiments where the lower end of the bomb was ignited revealed that even small amounts of 


an inert gas could increase p__ substantially: Np(%) 4.5, 10.0; AT® 61, 137; pc, (atm) 2.15; 4.5 
8 Por y b Per 


Such an effect is equivalent to the well-known extension of concentration limits of inflammation caused by 
any increase in pressure. It is interesting to compare these results with the (obviously erroneous) proposal put 
forth by Spalding [10] that the concentration inflammation limits become wider with increasing pressures only in 


cases where the reaction inside the flame is of an order higher than one (actually any order in excess of zero 
will do), 


When we ignited the tube at the upper end instead of at the lower, Por increased to 10 atm, It is known 
that in the two extreme cases of ignition from above or below the ratio between the critical concentrations of 
the deficient component 1. may become as high as 1.20 [11], if the diffusion coefficient and the thermal con- 
ductivity remain the same, It is obvious that the corresponding change in @ observed in our experiments at con- 
stant m and Tj, results from a change in pressure, Due to the low order of reaction any pressure changes should 
in this case have relatively small effects, When ignition takes place at the top instead of at the bottom, the cor- 
responding increase in pcy (by a factor of 6.25) resembles the change produced by diluting the mixture with nitro- 
gen. Extrapolating the relationship given above we find that pcr = 10 atm when Ng = 13-19% (AT}, = 179-264"), 
or, in other words, the equivalent A cy is entirely reasonable, 


The critical inflammation pressure calculated above should be compared with the one observed when the 
bomb is ignited from above, since we have analyzed the flame propagation without considering a very important 
external factor, namely, convection, Moreover, it is not very clear why the calculated pc, is too low, instead of 
being too high, as one would have expected, although it is at least of the right order of magnitude, 


One should also look into the practical aspects of the results obtained above, Nitrous oxide is a by ~product 
in several industries, it is prepared ina pure form for medicinal purposes, compressed and usually burned without 
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the necessary precautions, In principle one can not exclude the possibility that it might become accidentally 
ignited by electrostatic discharge (a spark) when compressed adiabatically, and in a shock wave. 


Let us note that we observed some very powerful explosions in our preliminary experiments where N,O was 
ignited at p = 50 atm in a special apparatus [12] with a 70 cm* detonation chamber. Combustion in a dead space 
inside a stainless steel (Kh18N9T) connecting pipe 4 mm in diameter, 1.2mm thick resulted(inone experiment at 
least) in rupture along the generatrix line and destruction of a 600 atm manometer, This indicates that the maxi- 
mum pressure must have been somewhere between 1000 and 4000 atm, 


The explosive decompositionof N,O yields, among other products, appreciable amounts of NOg, which seems 
to be formed from the combustion product NO, To determine the yield of NO a small amount of reaction products 
(determined from the bomb volume and the pressure drop) is slowly bubbled through a standardized solution of so- 
dium hydroxide, The excess base is titrated potentiometrically on a glass electrode (without oxidizing the nit- 
rite), The titration results were checked and confirmed in all cases by determining the NO, spectrophotometrically, 
Figure 1 shows how the NO, concentration depends on the initial pressure, The yield of NO increases with der 
creasing pressure which fact atfirst glance seems to be unusual, At the inflammation threshold the NO yield is 2.7%, 
while at high pressures NO approaches asymptotically the equilibrium concentration, 


The combustion of mixtures containing Nz + O, is always known to produce some NO, The concentration 
of this product does not depend on the type of fuel nor on the nature of combustion, but it is always below the 
equilibrium value for T = Tp [18]. In our experiments the concentration of NO exceeds the equilibrium value, 
A similar effect was also noted in theslow decomposition of N,O, 


Further research will be needed toexplain the formation of NOin excess of the equilibrium concentration. 
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The adsorption of various compounds on the surface of a metallic film reduces its electrical conductance 
in direct proportion to the fraction of still uncovered surface [1-9], this phenomenon is used for computing the 
number of conductance electrons in the metal which are tied down by a single adsorbed molecule [5-7]. 


Such calculations require the appropriate data on the homogeneity of the metallic surface covered by the 
adsorbate, 


In this work we have investigated the effects of benzene vapor at 20° on the electrical conductance of trans- 
parent platinum films, which were prepared by subliming the metal at a residual pressure of 1 10-’ mm on the 
walls of a glass cell, Benzene vapor was introduced into the cell at a constant rate of (3,8+0,.3)-10' molecules 
per minute, the rate being slower than the rate at which adsorption equilibrium is established, 


The vapor initially adsorbed on a fresh platinum film is very tightly bound, and similar observations have 
been made on palladium films [10]. Any benzene adsorbed after the initial permanent adsorption is over can be 
removed by pumping at room temperature, while the strongly adsorbed benzene can notbe desorbed below 250°C. 
Benzene adsorption on glass is fully reversible and constitutes about 50% of the reversible adsorption on an equal 
visible platinum film surface at the same pressure. 


The electrical conductance of all the films we investigated decreases while the permanent adsorption of 
benzene vapor takes place (see sections AB of the curves in Fig, 1); subsequently; as the surface becomes extensive~- 
ly covered, the conductance may increase or decrease, depending on the amount of metal per unit of visible sur- 
face, Figure 1 shows three typical curves representing the change in(A — Ag/Ag, where Ag is the electrical con- 
ductance of the film prior to the introduction of benzene vapor, Reversible adsorption on a film with an effective 
thickness of 10 A restored the electrical conductance to its initial value (section BC of curve 1). The electrical 
conductance of films 10-20 A thick (effective thickness) changes very little during the reversible adsorption of 
benzene (see section CD, curve 2) but decreases when benzene is pumped off, Though reversible adsorption of 
films 20-50 A thick does decrease their electrical conductance (section BC, curve 3), it does so to a much lesser 
extent than does permanent adsorption, When the reversibly adsorbed benzene is pumped off, the electrical con- 
ductance in this case does not decrease but increases instead to the level which corresponds to the completion 
point of permtanent adsorption (section CD, curve 3), 


* The paper was presented at the Moscow Conference on Organic Catalysis, November, 1959, 
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The Effect of Permanently Adsorbed Benzene on the Electrical Conductance of Platinum 
Films of Various Surface Densities 


Film | Film | No. of Pt latfective Electrical | No. of perm- 
No. |wtmg]atomsper conduct- | anently ad- 
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Introduction The decreasing electrical conductance of 
platinum films observed during the permanent ad- 
sorption of benzene indicates that the benzene mol- 
ecules can tie down some of the conductance elec- 
trons even when there are great variations in the 
surface density of the metal, When the reversible 
adsorption of benzene affects the electrical con- 

pumping ductance in just the opposite manner, as was ob- 

{i D served on films with an effective thickness of 10 A 
and 20-50 A, we can assume that the structural 
differences are extremely great, It isa known fact 
(see [11]) that if the surface density is low, a great 

F number of the metal granules deposited on the car- 

i rier surface still remain unattached to each 
10 15 20 25 0 hrs other, It seems that the electrical conductance of 

such a system, platinum—glass, may increase when 

Fig. 1. The relative change in the electrical con- benzene is adsorbed between the metal granules, 

ductance of platinum films of various surface den- 

sities as a function of time from the moment ben- 
zene vapor is introduced, 


pumping 


In denser films the particles are linked through 
metallic "bridges", The reversible adsorption of 
benzene takes place primarily on the metal, decreas- 
ing its electrical conductance by tying down some 
of the conductance electrons, so that the removal of the reversibly adsorbed benzene increases the conductance. 
For certain film surface densities the effects of reversible benzene adsorption on the metal and on the glass sur- 
face between granules may be compared in magnitude, in which case the electrical conductance would not 
change to any large extent, as is shown by section CD of curve 2 in Fig. 1. But the benzene adsorbed on glass 
is removed much more readily by pumping than that adsorbed on platinum, That is why at first the pumping re- 
sults in decreased electrical conductance, but subsequently, as the benzene reversibly adsorbed on platinum is re- 
moved, the conductance increases (sections DE and EF of curves 2 in Fig, 1). 


To find out how the electrical conductance of platinum films of various surface densities is related to the 


amount of permanently adsorbed benzene,we carried out a series of experiments,the results of which are presented 
in the table, 


Films Nos, 4 and 6-8 had identical electrical conductances right after the sublimation of platinum was com- 
pleted, but subsequent heating at 80-100°C affected them variously, with the maximum variation in A, being 6%, 
Films Nos. 6 and 7, though they had similar surface densities and electrical conductances, differed by a factor of 
4 in the amount of benzene permanently adsorbed per cm? of visible surface. Previously investigated platinum 
films with an effective thickness of 77-85 A also gave values which could not be represented as a simple func- 
tion of surface density [6] and would vary by as much as 4% on various samples with the same surface density. 
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Fig. 2, The relative change in the electrical con- 
ductance of platinum film No, 1 as a function of the 
number of benzene molecules adsorbed per 1 cm’ of 
visible surface, 
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a 95 10 45 20 25 hrs 
Fig. 3. The effects of conditions prevailing during 
the introduction of benzene vapor on the relative 


change in the electrical conductance of platinum 
films, 


These facts indicate that the structure of platinum 
films depends to a great extent on hard-to-regulate 
factors in the sublimation and crystallization. 


When the electrical conductance is plotted 
against the number of adsorbed benzene molecules, 
each one of the films listed in the table gives a 
curve with a linear segment, despite the variation 
in properties, Figure 2 shows that the linear portion 
of the permanent adsorption curve gives (A—Aq/Ag 
change of 0.8% for An = 1.4-10“ benzene molecules 
per 1 cm? of film No, 1, The corresponding values 
A—Ag/Ag and An for the other films are listed in 
the table, The same table gives values of 8, the 
average number of platinum conductance electrons 
tied down by one benzene molecule, We calculated 
the values of 6 with the help of an equation used in 
[5-7]. 8 was found to vary from 0.4-2.2and no 
simple relationship between it and the surface dens- 
ity could be detected, 


When the adsorption of benzene vapor on 
nickel films was investigated [7],three of the films 
gave a value of B close to 6 and, hence, it was 
concluded that 6 covalent bonds are formed between 
the benzene molecule and the film. Yet, when the 
electrical conductance of two other nickel films, 
prepared under similar conditions [7], was plotted 
against the amount of benzene adsorbed, the slopes 
of the linear sections differed considerably from the 
average value for the first three films, 


It can be shown that the simplifying approxi- 
mations used for calculating 6 do not represent the 


_ true phenomena. A linear relationship between the 


electrical conductance of films and the amount of 
adsorbed material does not necessarily prove that the 
centers being filled are homogeneous; such a relation- 
ship is also possible on films with centers of various 


adsorption potentials, The only conditions are that 
the relative number of these centers be constant on each section of the film, and that the adsorbed molecules 


should either remain attached to their respective centers or move very slowly from one center to another, Under 
these conditions the electrical conductance of the film will change, on the average, by a constant amount each 
time a molecule is adsorbed provided the fraction of surface covered has not been reduced too drastically; how- 
ever, the change will only represent acertain over-all average limited to a fixed range of actual electronic in- 
teractions between the adsorbate molecule and the metal, This range should widen at lower temperatures due to 
an increased lifetime for the molecules on their adsorption centers, We have discovered that at 20°C,even if a 
very small fraction of the film surface is covered,benzene vapor is adsorbed simultaneously on centers of vary- 
ing adsorption potentials, Thisbecame particularly apparent in experiments using a cyclindrical cell where the 
contact wires (a, b, in Fig. 3) used to measure the electrical conductance were placed only under the upper half 
of a dense platinum film extending from c to d, When benzene vapor was introduced into the cell through tube 
e the electrical conductance of the upper half of the film remained unchanged as long as benzene was being ad- 
sorbed on the lower half of the film (see section AB in Fig. 3). After this, the electrical conductance decreased 


linearly (section CD) during the permanent adsorption of benzene, then much more slowly (section DE) during 
the reversible adsorption, 
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When benzene vapor was introduced through tube f, the electrical conductance declined immediately (point 
N, on curve 2 of Fig. 3). If the flow of benzene is stopped before the permanent adsorption is completed (point 
P, on Fig, 3), the electrical conductance remains practically constant, If, on the other hand, the flow of vapor 
is stopped after the permanent adsorption on the upper portion of the film is over (points Pg, Ps, and P,) the elec- 
trical conductance increases just as in the case where the reversibly adsorbed benzene is pumped out (see section 
EF of curve 1). Similar results were obtained when the two film sections were separated from each other (see the 
design in Fig, 3), It is hard to explain these facts except by assuming that the benzene molecules which at first 
occupied low adsorption potential centers on the upper film section subsequently moved down to fill the vacant 


centers on the lower portion of the film (the electrical conductance of which was not measured) where they could 
be more strongly adsorbed, 


The data presented above indicate that both the permanent and the reversible adsorption take place on the 
film section adjoining the vapor inlet before the permanent adsorption can even begin on more remote film sec~ 
tions, It takes about 10 minutes at 20°C to redistribute adsorbed molecules, It is quite evident that such a redis- 
tribution was practically absent in experiments carried out at 90 or 77°K [7], and, consequently, the reported re~- 
lationship between the electrical conductance of the films and the number of adsorbed molecules was inadequate 
for any quantitative calculations dealing with the electronic interactions between the benzene and the metal. 

By studying the effects of adsorption and desorption processes on the electrical conductance of metallic films, 
we should be able to detect the redistribution of the adsorbate among centers of varying adsorption potentials 
and compute the average timespent by the molecules on these centers, 
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In publications [1, 2] a description is given of an investigation of the radiolysis of dilute solutions of organic 
peroxides and azocompounds in benzene, It has been shown that certain aromatic substances which decompose 
easily into radicals (benzoyl peroxide, phenylazotriphenylmethane) are then decomposed in the solutions with 
yields considerably greater than would correspond to the direct effect of the irradiation, This is believed to be 
connected with a very effective transference of excitation energy from the benzene to the solute. 


In this paper we describe a continuation of this work, 
in which there is studied the effect of the chemical nature 
of the acceptor on the effectiveness of the energy trans- 
fer, and on the degree to which this energy is utilized in 
| the decomposition of the acceptor, The irradiation of di- 
Bi lute solutions of organic disulfides in benzene has been 
g i studied. Disulfides containing aromatic and aliphatic 


substitutents have been studied, 


0 7 The thiyl radicals which are formed by the dissoci- 
if sae Fe vm / liter ation of disulfides are comparatively inactive, and on 
recombining with each other form the original molecule, 

Fig. 1, Relationship of the yield on decom- Hence, the rate of radiolytic decomposition of disulfides 
position of disulfides to their concentration in benzene solution cannot be directly determined from 
in the solutions, a) Diphenyldisulfide (DFD); the reduction in the disulfide concentration, as has been 
b) dibenzyldisulfide (DBD); c) dibenzoyldi- confirmed by specially arranged experiments, 
The To prevent the reverse reaction from taking place 
present the mean values from several inde- in the disulfide solution, diphenylpicryl hydrazyl (DFPH) 
pendent experiments, 


was added, The radicals from the DFPH interact with the 
radicals formed by radiolysis, and thus prevent the recom- 
bination of the thiyl radicals with each other, 


The solutions were carefully freed from air, and radiolysis conducted by means of the gamma-radiation 
from Co™, The yield of radicals produced per 100 ev of radiant energy absorbed by the solution was determined 
by the reduction in the concentration of DFPH, Since the destruction of one molecule ofdisulfide resulted in for- 
mation of two radicals, the yield of products obtained by decomposition of the disulfide is obtained by dividing 


* A.N, Silant'eva took some part in the work, 
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k’ 
Disu! fide 
kp k at k 5 
DFD 250215 0.02:0.002 
DBD 200415 0.0220.002 
DBOD 100215 0.020.002 


by 2 the difference between the radical yield from the 
br solution and from the pure solvent. The concentration 
of the DFPH was measured by means of a spectrophotometer 
of type SF-4 at a wave-length of 520 mp. 


For the determination of the yield of radicals from 

the solution by means of DFPH, we first of all determined 
od the critical concentration of the latter: that is, the mini- 
mum concentration was found for which it could be as- 
sumed that all the radicals formed by the radiolysis would 
react with the DFPH [8]. The concentration of the DFPH 
was varied between 5-10“ and 2- 107° M, which exceeded 
the critical value in all cases, 


Figure 1 depicts the curve of the relationship be- 
tween the radiation yield of decomposition products from 
diphenyldisulfide (DFD), dibenzyldisulfide (DBD), and di- 


0 500 7000 mole/ liter benzoyldisulfide (DBOD), and the concentration of these 
wy — substances in the solution, 
Fig. 2. Relationship of 1/G°(—D) to 1/ [D]. The radiation yield calculated from the slope of the 
The symbolism is the same as in Fig, 1. initial portions of the curves for the decomposition of 


various disulfides, based on 100 ev of energy absorbed by 
the disulfides themselves, were: for DFD and DBD, ~ 1000; and for DBOD, ~400 molecules, The dissociation 
energies of DFD and DBOD do not, apparently, exceed 30 kcal/mole, while that of DBD is not greater than 70 
kcal/mole [4, 5]. This must mean that the yields of the decomposition of these disulfides at low concentrations 
in the solution exceeds by a least one order of magnitude the maximum yield which could be expected if it were 
assumed that the energy absorbed by the dissolved substances was completely consumed in their dissociation. It is 
probable that a transfer of energy takes place in the disulfide solutions from the solvent to the dissolved substances, 


Starting from the assumption that such a transfer does occur, and that a stationary state has been attained, 


we arrive at the following relationship [1] between the yield from the decomposition of the disulfide G*(—D), 
and its concentration in the solution [D}: 


[D] 


(Re + ks [D]}) (ky + (1) 


where k, is the rate constant for the formation of excited benzene molecules under the influence of 1 ev of ab- 
sorbed energy ; ke is the rate constant for the spontaneous deactivation of these molecules; k's is the rate constant 
for the transfer of energy from the benzene to the disulfide; k', and k's are the rate constants for the deactivation 
and dissociation of the excited disulfide molecules, When Eq. (1) is applied to concentrations not greater than 


about 0.01 M, its fall, owing to the exchange of energy is considerably greater than the decomposition due to the 
direct effect of the irradiation, 


Figure 2 gives the relationship between 1/G°(—D) and 1/ [D], which turns out to be linear, in harmony with 
Eq. (1). The intersections of these straight lines with the axis of ordinates gives the value of the quantity (k',+ 
+ k's)/ 100k,k'; for the relevant disulfide, and the slopes of the lines give the values of k's/kg, as in the table, 
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The ratios k';/ k, denote the effectiveness of the transfer of 
dc energy from the benzene to the disulfides, and the magnitudes 
of k,k's/(k", + k's) give the probability of the decomposition 
' of the excited disulfide molecules into radicals multiplied 
by the constant k, which is characteristic for the given solvent. 


The table shows that DFD and DBD behave as identical 
energy acceptors, while DBOD receives the transferred excita~ 
tion energy with only about half the effectiveness of these. 

At the same time, the decomposition of the excited molecules 
i takes place with all three molecules with approximately the 


[D] for DBD and DBOD. 1 olecules per | ev, v gy P 


vided by irradiation absorbed in the solution, there must be 
formed not less than two activated benzene molecules capable 
of effective transfer of their energy to the disulfide, 


It may be assumed that in the radiolysis of solutions of aromatic disulfides the excitation energy of the ben- 
zene is in the first instance by the phenyl nuclei of the acceptor, and afterwards distributed to other parts of the 
molecule, If this is so, a comparison of the data for the diphenyl- and the dibenzyl-disul fides suggests that the 
presence of the aliphatic CH, group between the phenyl rings and the disulfide group does not impede the migra~ 
tion of energy from the phenyl nuclei to the S—S group. 


We set out below the radiation yields from the decomposition of 0.01 M solutions of all the disulfides which 
we have investigated, 


Dipheny1- Dibenzyl- Dibenzoyl- Methoxy- Diallyl- Diethyl- —_Dioctyl- 
disulfide disulfide disulfide disulfide disulfide disulfide disulfide 
1.5 1.4 0.9 0.8 0.7 0.3 0.3 


The fact that the yields from the decomposition of diethyl- and dioctyl-disulfides are identical suggests 
the conclusion that the lengthening of the hydrocarbon chain exerts no appreciable effect in reducing the prob~ 
ability of decomposition of the excited disulfide molecule, It may be supposed that the excitation energy can 
migrate without appreciable loss via the aliphatic chain to the S~S bond, The much lower yield from radiolysis 
of the aliphatic disulfides as compared with the aromatic may be possibly connected with the considerably lower 
effectiveness of the intermolecular energy transfer [1]. Since the dissociation energies of DBD and the aliphatic 
disulfides amount to around 70 kcal / mole, then it is a natural supposition that the quanta of energy transferred 
from the benzene to the acceptor are not smaller than 8 ev. 


It has been shown earlier that addition to a benzoyl peroxide solution in benzene of such energy acceptors 
as anthracene, phenanthrene, benzoic anhydride, phenylazotriphenylmethane, and diazoaminobenzene, leads to 
an appreciable reduction in the yield from the radiolytic decomposition of the benzoyl peroxide [1, 2, 6]. This 


is evidently connected with competition between the acceptors present for the transfer of energy from the activ- 
ated benzene molecules, 


Figure 3 shows the relationship between the yield from the decomposition of 0.005 M benzoyl peroxide and 
the concentration of DBD and DBOD. (It was established by separate experiments that the effect of DBD and DFD 
on the radiolysis of benzoyl peroxide was practically the same, while diethyldisulfide atconcentrations lower than 
0.02 M exercised no detectable protecting influence), 


It can be seen from the figure that DBOD exerts a considerably greater protecting influence than DBD. 
With increase in the disulfide concentration, the yield from the decomposition of the peroxide approaches a limit- 
ing value, If we suppose that the energy transfer takes place only from the excited benzene molecule to the com- 
peting acceptors, it is easy to obtain the relationship: 
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ee where G(—TB) and G(—TB) are the radiation yields from the 

GE : . decomposition of the benzoyl peroxide in the absence and in 

° the presence of the protecting additive, respectively; kg is the 
rate constant of the excitation energy transfer from the benzene 
to the peroxide, 


G02 «6006 )=—06 8 / When (TB) is constant, the magnitude of the left-hand side 
fy —-——- of Eq. (2) ought to be proportional to [D]. It can be seen from 
Fig. 4 that for the disulfides which we have investigated this 
proportionality relationship is not confirmed, As in the earlier 
work [6], we have supposed that the energy may be transferred 
also from the excited disulfide molecules to benzoyl peroxide. 
Again assuming that a stationary state exists, we obtain the relationships: * 


Fig. 4. Relationship between G°(—TB)/ 
/ G(-TB)~1 and (D) for DBD (a) and 
DBID (b). 


\ 
G (-TB ) ( ks [D] (3) 
ks [TB] 


ke {TB} 
ky + &, + ko [ TB) 
peroxide. The probability of transfer of energy from the disulfide to the peroxide may be regarded asa. 


where a=% = , and kg is the rate constant for the transfer of energy from the disulfide to the 


The decomposition of the benzoyl peroxide in the presence of DBD and DBOD is in agreement with Eq. (3), 
which, after some rearrangements permits of a graphical determination of the values of a and k";/k,, For 
DBD and DBOD the values of k';/ k, as determined by their protecting influence are approximately 150 and 400. 
The correspondence between the values of k',/ ky for DBD obtained from the data on the rate of its decomposition 
and from its protective effect, is satisfactory, For DBOD such an agreement is not found; measured by its protec- 
tive effect the DBOD seems to be about four times more effective as an energy acceptor than would be supposed 
on the basis of its rate of radiolytic decomposition. The reason for this difference is at present uncertain. 


The authors wish to express their thanks to V. N. Vasil'eva for providing them with the disulfides, 
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S. D. Levina, K. P. Lobanova, and N, A, Platé 
Institute of Electrochemistry, Academy of Sciences, USSR 
(Presented by Academician A, N, Frumkin, February 24, 1960) 


Translated from Doklady Akademii Nauk SSSR, Vol, 132, No. 5, pp. 1140-1143, 
June, 1960 


Original article submitted February 24, 1960 


A series of studies and monographs devoted to the semiconductor properties of organic compounds has ap- 
peared in recent years, In several of these studies it has been shown that the {introduction of metal atoms into 
the molecules of complex aromatic compounds has exerted an influence on the physical properties of the lat- 
ter, Thus, Vartan'yan [1, 2] and Eley [3, 4] have discovered that copper and magnesium atoms introduced into 
phthalocyanin molecules have an effect on the electrical conductivity of these compounds, Topchiev, Geiderich, 
Davydov, Kargin, et al. [5] have shown that polyacrylonitrile acquires semiconducting properties in the range 

300 to 900° after heat treatment, At 200° the resistivity of polyacrylonitrile is equal to about 10” ohm+cm, In- 
troduction of copper salts reduces the resistivity to 10?ohm+cm (300°), 


The task of the present investigation was the study of the electrical properties of composite materials in 
which metal particles alternate with extremely thin layers of practically nonconducting polymers, It appeared 
to be of interest to elucidate whether electron migration was possible in these conditions and in what way the 
structure of the organic layer affected this process, 


In connection with the proposed purpose, use was made of highly dispersed powdered metals, First of all, 
"semipassive" benzolated iron, obtained by the reduction of the oxide in hydrogen at 450-500°, was employed, 
Normally, in such conditions of reduction, pyrophoric iron is formed. However, as shown by Burshtein, Pavlova, 
and Kiperman [6, 7] and also Shurmovskaya and Burshtein [8], if iron of this kind, after reduction in hydrogen 
and before contact with air, is put into benzene and then dried, it loses its pyrophoric character, The benzene 
adsorbed on the iron prevents the formation of thick oxide films . A film is formed on the surface of the iron , 


which is equivalent to a unit cell of Fe;0,. The diameter of these iron particles is of the order of tenths of a 
micron, 


The first subject for investigation was a composite material made from the iron described above and poly- 
isoprene (natural rubber) which was added in the form of a 2% benzene solution, Disc-shaped specimens were 
molded at a pressure of 500-1000 atm, The orientation experiments concerned with the measurement of the 
electrical resistivity of these samples showed that the introduction of 1% polyisoprene into the composition sharply 
reduced the conductivity of the iron, At higher rubber concentrations this effect was even more marked, * 


The dependence of the logarithm of conductivity (log o) on temperature (1/ T) for a sample containing 
20% rubber in the range from 50to—40°was linear, with increase of conductivity with rise in temperature, In the 


* The resistivity of samples molded from pure powdered iron was about 107° ohm+cm; at about 1% rubber it was 
0.125 ohm+cm; with 5% 0.127 ohm+cm; with 10% 3.73 ohm-cm; with 20% 16.18 ohm*cm, 
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Temperature range, Resistivity change, 


Composition 


from to 


Iron + polystyrene 0.5 21.8 
Iron + polyisoprene 0.23 1.77 
Iron + polymethylmethacrylate 3.15 87.5 
Iron + polyacrylonitrile 0.38 3.88 


temperature range indicated the resistivity of the sample changed from 
11.2 ohm-+cm to 50 ohm-cm, A resistivity-temperature relationship cf 
this form is typical of semiconductors, The thermoelectric emf and the 
Hall coefficient had the same sign as type p semiconductors, The thermo- 
electric emf was equal to about 5 yv/degree, The activation energy AE 
calculated from the equation p = p eAF T was equal to about 0.1 ev. 
Similar values were also found for the thermoelectric emf and the conduc- 
tivity of compositions of iron and polystyrene, 


It can be seen from what has been stated that the composition obtained 
acquires a series of new properties differing from the properties of the com- 
ponents of the system, It is also essential to emphasize that it cannot be as- 
sumed that conduction in these systems may be attributed to the direct con- 
tact of the metal particles with one another. In this case temperature de- 
pendence of conductivity, typical of metals, which also occurs in samples 
pressed from pure iron powder, would be observed, 


Relationship between the 
logarithm of conductivity 
(log o) and temperature 
(1/ T). Compositions with 
iron with different polymers: 


1) polymethylmethacrylate; In order to achieve a more even distribution of the polymer and a 

2) polystyrene; 3) polyacry- stronger adhesion of the polymer to the iron, work was carried out using 

lonitrile; 4) polyisoprene, the method developed by V. A. Kargin and N, A, Platé [9] of vibration mil- 
ling metal powders in a monomer medium, The essential feature of this 
method lies in the fact that during the grinding process the metal particles, 

due to the exposure of fresh, energetically active surfaces, initiate polymerization of the monomer medium in 

which they are located, At the completion of the run polymers formed in the continuous phase are washed out 

with appropriate solvents, after which the metallic powder is dried and pressed into the form of discs, 


In view of the high degree of dispersion of the iron employed by us, further size reduction during vibration 
milling could not be expected. In these conditions, however, the exposure of fresh surface must occur as a re- 
sult of the damaging or removal of the extremely thin oxide film on the surface of the iron particles, 


The following monomers were used in these experiments: isoprene, styrene, methylmethacrylate, as com- 
pounds with double bonds, and also acrylonitrile, 


For compositions of this type, as may be seen from Fig, 1, a linear relationship betweenlogo and 1/T was 
also observed in the temperature range from +150 to ~55° in which region the resistivity of the samples changed on 
an average by a factor of 20 (see the table), In the low temperature region, from —55 to —120°, the curves are 
steeper, The energy of activation, expressed in electron-volts, of different samples ranged from 0.08 to 0.12. It 
must be emphasized that for all the compositions formed by vibration milling the thermoelectric emf and the 
Hall effect had the same sign as n-type semiconductors, The thermoelectric emf was equal to 12-14 pv/deg. 

As regards the Hall effect, it was not possible to measure this in every case, The Hall constant for the iron-poly- 


styrene composition at room temperature is equal to 2.910? cm/ coulomb, For the sample of iron and acryloni- 
trile the Hall constant was equal to 4,1-10* cm’/ coulomb. 


From a comparison of the properties of compositions obtained by the addition of ready-made polyisoprene 
with those which were obtained using the method of polymerizing isoprene during vibration milling it may be 
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seen that they differ with respect to a whole series of properties, Thus, in the first case, the sign of conductivity 
is the same as for p-semiconductors; in the second case, it is the same as for n-semiconductors, The thermoelec- 
tric emfincreased from 5 to 12-14 v/deg. Thespecific resistance in the second case was great as in the first. These 
differences testify to the fact that,when the compositions are made by the second method, the polymer distribu- 
tion is apparently more even, and also, possibly, a different type of bonding exists between the surface of the 
metal particles and the organic substance, Analysis of the elements indicated that the total organic content of an 
iron-polyisoprene composition (made by vibration milling) was equal to 5.1%, in which the proportion of carbon 
amounted to 4.53% and that of hydrogen 0.56%. In isoprene (C,Hg) the weight of carbon exceeds the weight of 
hydrogen by a factor of 7.5 while in the sample under discussion the ratio was equal to 4,55/ 0.56 = 8. As the ratio 
of the quantities of carbon and hydrogen is roughly the same as in the monomer, this argues for the fact that the 
principal reaction during vibration milling was a polymerization reaction, 


Inasmuch as the surface area of 1 g of iron in our samples was equal to about 1.5 m? while the organic con- 
tent according to the analysis was 51 mg, it may thence (if it is assumed that an adsorbed molecule occupies 25 A” 
of the surface) be deduced that 51 mg is 75 times greater than the quantity necessary to cover the whole surface 
with a monolayer. This fact also supports our supposition that polymerization of the isoprene occurred during the 
vibration milling of the iron, However, polymerization probably does not take place over the whole surface of the 
iron but only in the neighborhood or on those particles on which the thin oxide film suffers damage during vibra- 
tion milling, Apparently the formation of grafted polymer occurs at these points, and judging by the fact that the 
electrical resistivity of the sample (as shown above) increases *, this polymer more or less evenly covers the iron; 
the structure of these films is interwoven, Analysis of the elements in the case of composition with polymethyl- 
methacrylate and polyacrylonitrile gave more complicated ratios of the elements, It is possible that other reac- 
tions also occurred along with the polymerization reaction, These phenomena will be studied in greater detail 
in the future, At present one may confine oneself to the statement that the quantity of material associated with 
the metal exceeded a monolayer in the case of methyimethacrylate by a factor of 45 and in the case of acrylo- 
nitrile by a factor of 40, 


Study of the system under discussion is currently continuing. Work is also being carried out with systems 
consisting of other metals and other polymers in which electron migration can take place more readily, 


We express our gratitude to Academician A, N, Frumkin, Academician V. A. Kargin, and Professor R, Kh. 
Burshtein for their help and interest in this work, 
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Diffusion coefficients in porous adsorbents change during the sorption process to a different extent, depend- 
ing on the degree to which the sorption volume is filled, the structure of the adsorbent, the nature of the sorbed 
substance and some other factors [1-7]. A study of these 
relationships is of interest in determining rates of sorp- 
tion processes which take place in the “internal-dif- 
fusion" region, and also in explaining the mechanism 
whereby the substance is transported in the adsorbent 
pores. There are few investigations in this region, and 
in some cases the results obtained are of a contradictory 
nature, Least clear are the reasons for the decrease in 
diffusion coefficient on filling up of the sorption volume, 
which has been reported in a series of papers [3, 6, 7]. 


Only in the work of Barrer [8] did we find an at- 
tempt to explain this phenomenon, By examining the 
sorption process on zeolites as diffusion into the crystals, 
Barrer [8], from the calculated diffusion coefficient, 
took into account the change in the number of sites avail- 
able to the diffusing molecules, and obtained a linear 
decrease of the diffusion coefficient with filling up of 
the sorption space, However, similar concepts can hardly 
be applied to such porous adsorbents as activated carbon, 
silica gel, and so on, in which the transference mechanism 
differs essentially from diffusion.into crystals, In this 
case the decrease in diffusion coefficient during the sorp- 
tion process is apparently linked with the nature of the 
interlinking of different pore types. This question has 
been partially considered by us [9], and is treated in more 
detail in this present paper. 


The experimental part of the investigation was 
Fig. 1. Adsorption isotherms for methyl alcohol with 
vapor on carbons 1, I, and II, e sion coellicient 0 ethy: ol a 
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Brief Characteristics of Carbon Investigated 


Pore volume, cc/g Particle diam- Particle 


Carbon eter, mm length,mm 


0.33 0.10 0.25 3 5-6 
0.38 0.05 0.31 1.6 3-3,5 
0.38 0.05 0.31 1,6 1,6 


0.28 0.40 0.20 1.4-1.6 2.4 


amounts of adsorption on active carbons having different pore 
structures, The granulated activated carbons were obtained under 
laboratory conditions by a steam-activation method from a min- 
eral carbon and wood tar (carbons I and II) and from a hydrolyzed 
lignin and tar (carbon III), The essential data concerning pore 
structure and adsorbent properties of these carbons are shown in 
Table 1 and Fig. 1. 


rs The measurement of the sorption kinetics was carried out 

aa in vacuo at 20° and at a constant pressure of methyl alcohol 

a vapor, The variables of the system, the weighed portion of car- 

4 bon and the intervals of equilibrium pressures at which measure- 

Ligne ments were made, were chosen so that during the course of the 

8 %490M/z experiment, in the most unfavorable case, the vapor pressure 
aoe did not decrease by more than 3-4% of its original value owing 

Fig, 2, Relation between diffusion coef- to adsorption, Before the experiment the carbon was evacuated 

ficient D and value DH and adsorption on with a mercury pump for three hours at 400°, The amount of 

carbon Ila, methyl alcohol adsorbed was determined from the weight increase 

of the carbon by means of a sorption balance, At another time 
the working pressure was obtained in the apparatus system and the adsorption tube, containing the carbon connected 


into the system, Then at determined intervals readings of the adsorption increase were taken until sorption equi- 
librium was attained, 


Diffusion coefficients for carbon Ila were calculated from the diffusion equation for a cylinder of terminal 
dimensions 


a— Yn, (2m—1) 


| n=1 m=1 (2m 


where a is the amount of adsorption at time t; a; is the initial equilibrium amount of adsorption (at t = 0); ag, is 
the final equilibrium amount of adsorption (t-» 00); in are roots of the Bessel function Jo(#,,); D is the effective 
diffusion coefficient (calculated for unit cross-section area of a porous medium); R and J are the corresponding | 
radius and length of the cylinder; n=1,2,3...;m=1,2,3... 


For y = 0.5 the equation has a form which is identical for both adsorption and desorption processes 


co 
1 (2m — n*Dt 2 
n=1 (2m — 1)? 16 64 
In Eq. (2) 2 is replaced by 2R for the given carbon sample (see Table 1), 


For calculations involving an accuracy of about 1% the equation can be converted to the form 


: 
a I 
Ila 
Ill 
cm?/sec 
cm2/sec 
20 
\ 
4 6 

\ 74 
A 
: 
p= 0318. , (3) 
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where to, is the time in seconds for the adsorption 
to reach a value y = 0.5; D is the cm?/sec, and 
R is in cm, 


The dependence of D on the filling up of 
the sorption volume for carbons I, Il, and III was 
determined from therelation [10]. 


s 


D,H,/D,H;——~ 


D 
(4) 


where the quantities with indexes 1 and 2 corres- 
pond to two different stages in this filling up pro- 
cess, Each diffusion coefficient is taken for the 
amount of adsorption ay which corresponds to the 
filled-up micropore volume, 


The experimental data satisfy the rule well 
Fig. 3. Relation between the relative diffusion coef- enough for y = 0.6-0.8, Curves showing the rela- 


ficients Dz/ D, and D,H,/ D,H, and adsorption a/ a, tions between the diffusion coefficient D and the 
on carbons I, Il, and III, value DH (where H is Henry's constant) and the 
filling up of the sorption volume for the carbon 


a samples investigated are in Figs, 2 and 3, 

os eres If it is assumed that the activated carbon 
consists of aggregations of elemental carbon crys- 


tals with more or less close packing, so that free 
i spaces between the crystallites exist as intercon- 
nected micropores (see Fig. 4), the simultaneous 
= eae decrease of D and DH with this filling-up process 
can be explained in the following way, The path 


Fig. 4, Schematic representation of the of molecules from the surface to the adsorption 
of'sctive ta) nadie centers inside the particle passes through wide and 
element of the pore structure (b) : narrow channels, in which the diffusion coefficients 


differ. The wide channels are open cavities be-- 
tween the crystallite aggregates; the narrow chan- 
nels are micropores, The over-all diffusion coefficient depends on the individual diffusion coefficients in wide 
and narrow pores, For an element of the path, as illustrated in Fig. 4b, the over-all diffusion coefficient can be 
written 
D,Dy 
~ @Dy+(1—a)Dy ’ 


(5) 


where Dy is the diffusion coefficient in a wide pore; D,, is the diffusion coefficient in the micropore zone; a = 
= LyyAl 1} +1;y),2; and Uy being the lengths of the paths of the diffusing molecules through the micropores, 


During the adsorption process the micropores are filled with the adsorbed substance and the free space be- 
tween the carbon crystallites decreases; consequently, the diffusion coefficient in the micropore zone decreases, 
The diffusion coefficient in the wide pores is practically unchanged during this process, From Eq, (5) a decrease 
in Dyy leads to a decrease in the over-all diffusion coefficient, A more usual expression for D can be obtained if, 
in regard to the radial pore distribution, the presence of parallel channels and other more specific conditions are 
assumed, but qualitatively the picture is unchanged, 
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1, In supercooled systems, in which there may be present at the same time over a considerable temperature 
range drops of liquid, crystals of solid and vapor, distillation is the fundamental process which determines the 
change with time of the composition of the system, It may produce continuous growth of the crystals, evapora- 
tion of the drop and gradual change in the density of the vapor, This phenomenon is usually complicated by a 
number of circumstances, but the analysis of the problem carried out in work reported in [1] shows that the rather 
simple scheme outlined below is the basic one, 


The purpose of the present work is to investigate the kinetics of distillation in a simple form and to con- 
structanuncomplicated plan for calculating the phenomena which will occur in any concrete case, 


2. We introduce the following symbolism; a = a(t) is the radius of the particle; p is the density of the ma- 
terial of which the particle is made up; n is the number of particles in unit volume, for which the index number 
1 will be used for drops of liquid, and 2 for crystals; D is the diffusion coefficient of the vapor in air; c = c(t) is 


the density of the vapor, while c, represents the saturated vapor over the liquid drops, and cz that over the crystals, 
Then, 


Ac=c¢,—c,>0. 
(1) 


Assuming that at the initial moment, t = 0, the system consists of supercooled liquid drops, crystal nuclei 
of radius a, (0) which can be taken to be negligibly small, and vapor whose density corresponds to the saturated 
vapor over the supercooled liquid drops, then the initial conditions of the process will be: 


a, (0), ag(0)=0, c(O)=¢. 


(2) 


The transfer process will be described by a system of differential equations: 


dc 


a= 4nn,a,D (cy — c) + 4xngD (cz — a, (3) 
= D(c—«), (4) 
dag (5) 


dl =D (c C2). 


The system of Eqs, (3) to (5), with the initial conditions given in (2) represents the Cauchy problem. From 
(3) to (5) taken together we obtain two integrals: 


C(t) + (t) + = M, (6) 


oa 

= 


pra? (t) — (t) = pra? (0) —2DAct. 


By means of (6) and substitution of variables we obtain: 


8 
X=V ata) 


—Cy/ 


(8) 


A 
a¥(0) a (t) (9) 


Equations (4) and (5) may be reduced to a single differential equation (for the detailed process see [2]), giving: 


( Po Xe 4 ath 


“dX yr—{ Y (0) = A. (10) 


v,= 


(11) 
(0) 
A= » (0) = (12) 


We shall denote the time during which the whole process of distillation takes place, by T.* We determine 
this from the condition that the process shall be complete when the density of the vapor, c(t) attains the value 
Cy; that is; 


c(T*) = (13) 
In view of the uniqueness of the solution of the Kosh problem presented in (2) to (5), (18) gives single-valued 
determination of the quantities T*, a,(T*), and a,(T*). 


3. A strict analysis of the problem is given in publication [2]. We note the following conclusions: 


1) The process can be divided into two stages, The time of the first stage, T, corresponds to the complete 
evaporation of the liquid drop; that is, a,(T) = 0. For this, 


a,(T) = max: (14) 


A<X;<1, 


4gmax is the maximum possible radius of the crystal, 


V M—c 
Q2 max = 


The time T is determined by the formula 


2DAc (17) 


2) The second stage of the process, during which a, = 0, consists in the condensation of the excess quantity 
of vapor on the crystals, It continues indefinitely, since the quantity dc / dt approaches zero asymptotically. We 


(7) 
Here 
where 
(15) 
3 
ao 
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might take as a practically convenient figure that at which 
the second stage has acquired not less than 96% of its maximum 
value, and calculate the corresponding value T’ for the time 

required, Then, 


1 


‘and the complete time for the process is given by: 


P23 maxX} + pra} (0) 1 
max (19) 


3) We now estimate the part played by each stage in the 
relative increase in the radius of the crystals, The relevant 
equations are: 


= =(1—V Xi) <I, (20) 


where ag; = a,(T), and aaj are the growth of the radius at the time of the first and second stages respectively. We 
may note that when X,> 0.9, the second stage may usually be neglected without loss of accuracy worse than 5%, 


4) X, is determined for the given substance by the values of A andv: its value decreases both with reduc- 
tion in A and witn reduction in v, Reduction in A causes increase in the value of Ac*, that is, the fraction of the 
substance in the vapor condition which is distilled on to the crystal, relative to the fraction of the substance in the 
liquid state, q,(0) = 4/3 tnp,ai(0). Reduction of the value ofv for fixed values of A, Ac, and a,(0) will take place 
if the value of ng (the amount of crystal nucleus) is reduced, 


We may note that if ny « nm, that is, if y« 1, then the values of agj, agyy, and agmax have the order of vy" 
irrespective of the value of A. 


5) The value of X, may be determined directly from those of A and v (for a detailed consideration of this 
see paragraph 4); that is, directly from tne initial data, without making a preliminary calculation of the kinetics 
of the first stage of the process, It is then possible at once to use Eqs. (17), (19), and (20) to determine the time 
of the first stage, the time of the whole process, and also the growth of the crystal radii Ay; and agyy. 


4 For the calculation of the kinetics of the first stage, it is necessary to obtain a numerical solution of Eq. 
(10), which depends on the two parameters A andv**, So as to simplify this massive procedure, we have set up 
a family of solutions of Eq. (10), corresponding to a wide range of values for A and v: A = 0.1 (0.1) 0.9; v =107, 
10°"; 1074; 0.2; 0.5; 1; 2.5; 10; 107; 10°. These solutions are presented in the form of a table of the special func- 
tion: Y = F(X,A, v) for X in the interval (0.1) with AX = 0,05 (or 0.1) ([2], Tables 1-9), This reference contains 
in addition Table 10, for the determination of X; from the values of A and v. With the use of the tables referred 
to, it is possible to allow for a “substance correction." The reason for this is that the tables are set up with refer- 
ence to water, Therefore, inthe use of Table 1-10 for the analysis of the distillation of other substances, the start- 
ing parameter v in the tables should be taken not as n/n, but as the quantity v", given by: 


1,904 
v= V 


The calculation is carried out thus; by means of Table 1-9 [2] for the data on the values of A and v', we 
find the value of X corresponding to each value of Y. With the use of Eqs, (8) and (9) we may obtain values of 
a,(t) and a,(t) from X and Y, Evaluating the equation, 


M=c,+ (22) 


(21) 


* Ac depends on the temperature at which the distillation is carried out. 
** (p2/p,)'/2 may be included inv. 
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by means of Eq. (6) we obtain c(t), The time t, corresponding to 
these values of a,(t), a,(t) and c(t),is determined: from Eq. (7). 


5. In analyzing the second stage it is convenient to bring 
into discussion a time rT, given by: 


«=t—T, (23) 


evaluated from the end of the first stage, For values of X, satis- 
fying the conditions; 


| 0,65<Xi<1, (24) 


the calculation of the kinetics of the second stage, with errors not 
greater than 10%, may be carried out according to the approximate 
relationship: 


a(t) = ager, 


0<t<T’, (25) 


a (t) = 


B = 4nngDdemax. 


9 = 1— V Xi. (26) 


(27) 
If the condition proposed in Eq, (24) is not met, the calculation becomes rather more complex (see [2]). 


For the second stage, c(r) is determined from the relationship: 


c(t) = 


— (t). (28) 


6. The scheme developed above contains a complete analysis of the problem under consjderation, and 
makes possible the rapid calculation of the kinetics of both stages of the distillation process, We turn now to 
some physicochemical conclusions, 


1) Figure 1 gives curves which describe the first stage of distillation in the system water vapor—water—ice, 
at a temperature of —20°, and with n, = 60 cm™$, np = 6 cm”, a,(0)=10 . Together with the curves 
for a,(t) and a,(t), this figure also gives the curve for c*(t) as defined by the relationship: 


(t)= 


(29) 


which characterizes the relative change in density during the first stage of the distillation, It is of interest that, 
in spite of the fact that the water drop is ten times larger than the crystals, at the end of the first stage of the dis- 
tillation the density of the vapor is 36.5% higher than c (when measured in fractions of Ac), The time for the 
first stage is here 83.9 sec, and the value of X, is 0.809, The second stage is described by the relationship a(r)= 
0.982 exp(—0.040 7). Its duration, is 10 sec, and the complete distillation time, T* is ™94 sec, 


2) The relative change in the density of the vapor at the instant when the drop is completely evaporated 
is given by: 


c(T)= HO), Ac = M—c,— q, (0). 


(30) 


The dependence of c*(T) on the number of crystalline nuclei, ng,for the example considered above is de- 
picted in Fig. 2, where the ordinate is given as c)(T). We notice in Eq,(30) thatit is only the value of K, which 


: 

Fig. 2 
where 
t 
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depends on ng. Figure 2 shows if v< 0.01, so long as the dropexists, the concentration is practically equal to cy; 
if v > 10, at the moment of complete evaporation of the drops it is equal to cz, and there would be no second 
stage in the distillation, The almost linear relationship of c* to logy between the values of 0,01 and 10 for v 
is of interest, 
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The question of the existence of aliphatic carbonium ions and the corresponding m-complexes has been de- 
bated in the literature for a long time, On the one hand, a greatdeal of data obtained in the study of the kinetics 
of acid-catalyzed reactions leads investigators to mechanisms involving the participation of aliphatic carbonium 
fons or t-complexes, On the other hand, the lack of any cases where they have been directly identified and the 
unsatisfactory results of the thermochemical calculations prove, as it were, the instability of these particles. and 
the fact that conditions are unfavorable for their formation, by the same token throws doubt on the postulation 
of carbonium ions in the interpretation of a series of reactions, for instance olefin conversions, 


Regarding the thermochemical calculations, it should be noted that estimates of the heat of reaction for 
the protonization of olefins in aqueous solution 


iso-C,H,(aq) + H® (aq) = tert-C,H¥ (aq) (1) 


available in the literature cannot provide a worthwhile result of 

the required accuracy, Data on the heats of solvation AH, of car- 
bonium ions which are essential for carrying out such estimates 

are approximate and very unreliable (for tert-C,H,® AHs =—40 to 
—69 kcal/mole), Even such a basic value as the heat of solvation 
of a proton, according to the data of different authors, is equal to 
—225, -257, -259, and —282 kcal/mole, It is therefore not surpris- 
ing that the results of the calculations of Evans and Halpern [1], who 
took AH,(H*) = —282 kcal/ mole, indicate for reaction (1) a heat 
effect AHp = 26.1 kcal/mole while the same calculations carried 
out using a value of AH,(Ht) =—256 kcal, give AHp = +0 kcal/mole, 


The problem of the direct determination of the equilibrium 
constant for the protonization of olefins and the heat and entropy 


Fig. 1, Absorption spectrum for iso- of reaction has become an important and fundamental problem, on 
tebaile in aqueous fis at various the solution of which depends our notions of the nature and mech- 
concentrations (in mole/ liter): anism of acid catalysis, 

1) 2.2-10; 2) 3,3-1074; 3)5.7° An attempt has been made by us to solve this problem by 
-107*; 4) 8.1-10™4; 5) 1.27-107%, means of direct experiments, Isobutene in the system H,SO,—H,O 


was selected as the subject of the investigation, Unlike work described 
in the literature in which the kinetics and thermodynamics of the absorption of isobutene by acids were investig- 
ated, in the present work a spectrophotometer method was adopted for the direct observation of the conversion of 
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iso-C,Hg in the liquid phase, The use of this method in the pres- 
ig ent case was possible thanks to the absorption spectrum, which we 
found, of unprotonized isobutene in aqueous solution (see Fig. 1). 
This absorption, occurring close to the limit of transparency for 
quartz (210-220 my), is the slope down from the iso-C,H, peak, 
which has its maximum, according to data in the literature, at 
185-190 mp. We were unable to find spectroscopic effects for 
ionized particles (BH®) and the concentration of these was deter- 
mined by difference 


Cone = Cy)-- Cb, (2) 

0 4 8 4 4 min 

Fig. 2, Extrapolation to t = 0 of kinetic 

curves showing fall in isobutene concen- 

tration, Using this method of calculation we cannot, of course, dis- 
tinguish +-complexes from carbonium ions and we assume provi- 

sionally that all the protonized isobutene exists in the form of tert-C,H,” 


where Cp and C's are the total concentration of isobutene in solu- 
tion and the concentration of its un-ionized form, respectively. 


In the system under investigation the hydration of isobutene occurs with the formation of tertiary butyl al- 
cohol, In order to retard this reaction which is too rapid at ordinary temperatures for a reliable extrapolation to 
zero time to be possible, we worked at reduced temperatures (—15 to—-35°), The value of on corresponding to 
equilibrium (1) was determined by extrapolating the kinetic curves to t = 0 on the assumption of monomolecular- 
ity (Fig. 2). 


EXPERIMENTAL 


Solution of gaseous isobutene in sulfuric acid of the required concentration (25-50%) was carried out directly 
in a seamless quartz cell, connected to a glass apparatus by a smooth section, and placed in a thermostat at —15, 
—25, or —35°, Mixing in the cell was effected by means of intense agitation with the aid of a special device.* 


The total concentration of dissolved isobutene Cy, was determined by the pressure fall in a known volume, 
When absorption was effected, which took 30-40 sec, the cell was transferred to the cell holder, which was main- 
tained at the same temperature by a thermostat, of a SF-4 spectrophotometer, where the change with time of 
optical density at 210 mp (Dgy9), occurring as a result of the fall in Cp due to hydration was recorded (time was 
measured from the instant of ceasing saturation), By extrapolation on the coordinates logDay9— r (see Fig. 2) the 
optical density was determined which corresponded to Cp = Doio/€2 where 1 is the cell length (1.5 cm), € is the 


molar absorption coefficient for unprotonized isobutene at the temperature of the experiment, expressed in liters / 
/mole+cm, 


The absorption coefficients € were obtained from the relationship between Day) and the concentration of 
isobutene in aqueous solution; the concentrations were determined from the pressure over the solution in accord- 
ance with Henry's Law, C = hp, and the values of h were measured previously by ourselves [2], Beer's Law was 
followed over the whole range of temperatures and concentrations studied, In view of the fact that the measure- 
ment of € is theoretically impossible at temperatures below 0°C, the absorption coefficients were measured over 


a wide temperature range (2-92.5°) and thé extrapolation was extended to low temperatures by means of the em- 
pirical formula 


(3) 


which,as can be seen from Fig, 3, satisfactorily describes the temperature dependence of ¢ (a = 2.46-107* mole: 
*cm/ liter; b = 2.38 107° mole-cm/ liter + sec), 


* Without agitation, transfer between liquid and gas phases was practically nonexistent, 
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Knowing Cy, Ch, and from Eq. (2), Cpyq, the value of —logK may 
be found by means of the well-known formula: 


p 0 0 (4) 


Values of the pH of H,SO, solutions at the temperatures of the ex- 

r) periments were obtained by extrapolation from the data of A, I. Gel‘bshtein, 

0 G. G, Shcheglova, and M, I, Temkin [3]. The values of the basicity con- 
20 40 60 8 00°C stants (' PK ) determined by us are presented in the table, The consider- 

able error in the basicity constant determinations and the small observed 

variation in the values of the latter with acidity are apparently due to 

the large number of unavoidable extrapolations in the calculations, 


Fig. 3. Temperature depend- 
ence of the absorption coeffici- 
ent of isobutene in aqueous so- 


lution at \ 210mpn. The relationship between —log K and 1/ T, which provides the value 


of the heat of protonization of iso-C,H,, AHp = 4,344 kcal/mole, and the 
entropy of reaction, AS = + 8.20 entropy units (for the mean AHp), is 


presented in Fig. 4, The expression for the constant K = hyCg/Cpy@ may 
be written thus: 
| 2,3R pK = +. 8,20. 
(5) 
“22h 
- ASSESSMENT OF RESULTS 
ag 39 40 44 «42 «43 The values of pK obtained indicate the presence of significant 
Uf, ee concentrations of protonized isobutene at the acid concentrations at which 


acid-catalyzed conversions normally occur, These concentrations are 


Pig. 4. ‘Relationmilp between substantiated in the calculations from kinetic data, 


PK iso-CyHe and reciprocal tem- 
perature, The observed heat of protonization for isobutene equal to AHp = 


= 4,344 kcal, makes it possible to estimate the heat of solvation of the 
isobutene carbonium ion AHR®), 


The heat of the reaction for the transfer of a proton from H,O® to iso-C,Hg in the gaseous phase, 


iso -C,H, +. H,0° = tert- CHP -+{- H,O (6) 


is equal to difference (Piso-CyHe —Py,0) where P is the affinity of the corresponding molecule with respect to a 
proton. If Piso-c,p, = 198 kcal/mole [4]* and P = 169 kcal/ mole [5], then reaction (6) is exothermic,with 
a heat of reaction AHp =—29 kcal/mole, For the heat of reaction (1),or what amounts to the same thing, the 
following reaction 


(7) 
iso -C,Hg (aq) + (aq) = tert- (aq) + H,O, 


to be equal to 4,3 kcal/mole the heats of solvation for the reactants in the left and right sides of Eq. (6) should 
differ by +33 kcal/mole: 


tert -C,H?) AH, (H,O) AH, ( iso-C,Hg) AH, (H,0°) = 33 kcal (8) 


Taking AH,(H,O) = —10.3 kcal/mole [8]; AH,(iso-C,Hg) = —4.6 kcal/ mole [2] and AHg(H,O®) = —102 
kcal/mole* * , we obtain for the heat of hydration of the tert-C,H,”) = —64 kcal/mole (44 kcal/mole). 


* The heat of formation of iso-C,Hg AH is equal to —4,04 kcal/ mole [8]. 


** —AH,(H,O®) = AH%(H® gas)+ AH'(H,O gas)—P(H,0)—AH"s(H,O®aq) according to the data of references [4] 
and [5]. 
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In an early study, Evans takes a value of AHs = —69 kcal/ 
a / mole as the most likely for tert-C,H® [6], while according to 
Franklin [4] and V, N. Kondrat'ev and N, D, Sokolov [7] AH, = 
0.10 =—40 kcal, Of the two values,preference should be given to the 
. latter, more accurate one, The fact that the heat of solvation 
0.15 for a carbonium ion observed by us is more than 20 kcal greater 
0.16 than the value calculated by authors [4, 7] is quite natural since 
: calculation by the formula connecting AH, with the ionic radius 
only takes into account solvation due to purely electrical forces, 


As V. N. Kondrat'ev and N, D. Sokolov rightly point out, nonelectrostatic interaction should also be taken 
into account in these calculations(which clearly plays an important role).However, it is impossible to agree with 
these authors when they assume, in calculating the affinity of R® for a water molecule Cy,0, that a carbonium 
fon only exists in water in the alkoxonium form ROH,2. In reality two types of interaction between a carbonium 
ion and water exist; solvation, which has been discussed above, and the “strong,” donor-acceptor interaction with 
one water molecule to form an alkoxonium fon, These states are separated by a potential barrier. 
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The free energy of solvation of potassium iodide (Ax) in ethyl alcohol may be calculated [1] from the value 
‘of the emf of a circuit with transference. This method, however, has the disadvantage of suffering from such 
errors as the difficulty of estimating the diffusion and interphase 
contribution to the potential, Data as to the magnitude of Ay 

for potassium iodide in acetone, and, indeed, for other salts in 
this solvent, are not available, In the present work we have used 
an apparatus without transference to determine the free energies 
of potassium iodide in ethanol and in acetone, the cell being: 
(Hg)K | KI aq.| Agl,Ag. The circuit was arranged experimentally 
in the form of the cell depicted in Fig, 1. The construction of the 
cell envisaged control within known limits of the vessel contain- 
ing the initial amalgam, reliable insulation of the amalgam ex- 
hausted in the course of the measurements, and replacement of 
the capillary, The potassium amalgam and the silver iodide elec- 
trode were prepared in the way described in earlier publications 

[2, 3]. The solvents and the potassium iodide employed were pre- 
pared by purification of commercial products of the "chemically 
pure” brand, and had the physical properties given in the data in 
the literature, Measurement of the emf was carried out by means 
of a potentiometer of type R-375 at 25°, During the measurements, 
dry, carefully purified hydrogen was bubbled continuously through 
the potassium iodide solution, The results of the measurements 

of the emf for the cell: (Hg)K| KI aq.] Agl, Ag for various concen- 
trations of KI in water, ethanol and acetone are set out in Table 1. 


Electrolytic cell for measurement of By means of the graphical extrapolation method usually 
emf, 1)Capillary for the amalgam used [4], we have obtained values for the normal potential (E 9) 
electrode; 2) silver iodide electrode; of the cell in the solvents mentioned, (The value of E, in water 
3) inlet tube for hydrogen into the so- was obtained by calculation from the measured emf and known 
lution; 4) hydrogen exit tube; 5) vessel values of the activity coefficients [5]). The values of Eg are 
containing the solution under investig- given in Table 2, From the difference between the normal poten- 
ation (volume of solution 35 m1); 6) ves- tials in the same cell without transference, measured in water and 
sel for collection of the spent amalgam; in the nonaqueous solvents, it is easy to calculate the difference 
1) vessel containing the initial amalgam between the free energies of solvation of potassium iodide in water 
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TABLE 1 


tions of KI 


Emf of the Cell: (Hg)K|KI aq.| AglI, Ag for Various Concentra- 


Solvent 


m, mole/ kg 


emf (V) 


Acetone 


TABLE 2 


and Alcohol 


0.1000 
0.0100 


0.02547 
0.01274 
0.00637 
0.003185 


0.02547 
0.01274 
0.00637 
0.003185 
0.001592 


Free Energies of Solvation of Potassium Iodide in Water, Acetone 


1.8393 
1,9497 


1.660 
1.688 
1,714 
1.736 


1,448 
1,465 
1,498 
1,526 
1,552 


Solvent 


Ax, kcal/ mole 


Water 


Ethanol 


Acetone 


chloride in the same solvents, 


grad, 1951) 1. 


* From the data of Izmailov [1]. 


1.709 
1,425 


137.4 * 
130.9 


1,208 


and these solvents, Taking the fr2e energy of hydration of potassium iodide to be 137.4 kcal/ mole [2], we have 


calculated the free energy of solvation in these solvents from the differences which we have obtained experiment- 
ally, The relevant values are also given in Table 2, 


The value of Ay for potassium iodide in ethanol, calculated from the emf of a cell with transference [1] 
is 131.5 kcal/mole, It should be added that the change in the free energy of solvation of potassium iodide in 
moving from water to ethanol and acetone corresponds to the change in the corresponding magnitudes for hydrogen 
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In a series of papers [1-5] it has been shown that the radiation yield of inorganic substances on oxidation or 
reduction in aqueous solution may be increased several fold if solid substances are present in the material being 
irradiated, The materials used for the solid substances in these investigations have been metals, and the oxides 
and sulfides of metals, It could be expected that the solid substances would exert a similar effect, when irradi- 
ation is carried out, on the processes occurring in aqueous solutions of organic substances, It seems, however, that 
there is no information on this question in the literature, 


In the present communication we describe our experiments on the conditions under which solid substances 
will accelerate the decomposition of organic compounds in aqueous solution when these are irradiated by gamma 
rays, For this purpose we have used systems consisting of carbon tetrachloride and water in the ratio 1:2, and 
solid substances whose amount was varied from 1.4 to 20% by weight. The solid substances employed were carbon 
("carbolene”), silica gel, alumina, ferric oxide, and cuprous oxide, The source of gamma radiation was Co™, with 
a dosage power of 4- 10'* ev/sec, The mixture was irradiated in a glass vessel, equipped with a bubbler through 
which the relevant gas (oxygen or nitrogen) could be blown, The irradiation temperature was 8-10°C, 


TABLE 1 
The System CCl,—H,O 


Oxygen blown in Nitrogen blown in 
doses, lions yield| dose. ‘10? ions yield 
0 

365 Jev. 36 g eq/ 1. 


Expt. No. 


1 

2 

3 
4 


“After irradiation the reaction mixture was separated. The solid substance was washed with a 12% ammonia 
solution, The concentration of Cl” ions, obtained as a product of the decomposition of the carbon tetrachloride, 
was determined by potentiometric titration with silver nitrate solution, The total quantity of Cl”, obtained on ir- 
radiation was taken as the sum of its content in the water and in 2-3 ammonia washings from the solid substance, 
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= 

4 

| 
4,88 | 4,24. | 408 | 4,26. |. 1,25. |, 14,0 
2,76 | 2,08 9,0 | 2,52 | 2,82 | 14,0 4 
5,52 | 4,12 9,0 | 5,04 | 4,24 | 10,0 i 

| 8,28 5,27 7,6 7,56 6,03 9,65 a 


TABLE 2 


The System CCl,—H,O— 1gram of Solid Substance 


‘Oxygen blown in Nitrogen blown in 


Expt kolid cl-"10* yield) solid |dose | | ion yield/ 


No. fubstanc cone: 100 bubstances" cone, |/ 100 ev 


Al,O3 Al,O3 


Carbon 


© 


Seas 
S888 


> 


Nowy 


We have studied the relationship between the quantity of 
Cl” produced and the radiation dosage for various contents of the 
eq /liter solid substance in the mixture under irradiation, The results of 
the experiments with silica gel are shown in Fig. 1, Curve 1 of 
this figure refers to the mixture CCl,— H,O—O, without solid sub- 
stance; curves 2, 3, 4, and 5 to mixtures in which the silica gel 
contents were respectively, 1.4, 7.7, 14,2 and 20% by weight. 
It is seen from Fig, 1 that the presence of the silica gel, even in 
quantities as small as 1.4% leads to a growth in the concentration 
of chloride ions in the irradiated mixture, All further increases 
in the silica gel proportions also lead to increase in the concen- 
tration of chloride ions, but the increase in the Cl” is not pro- 
1 J portional to the increase in the solid material added, A similar 
10 40 br relationship of the concentration of the chloride ions to the 
Fig. 1. Relationship of the concen- irradiation dose is observed for the other solid substances, 


tration of chloride ions to the irradi- The effect of the nature of the solid material on the radi- 
ation dosage, The dosage power is ation decomposition of the carbon tetrachloride is well brought out 
4.0°10"° ev/sec, 1) The system in Fig. 2, whose curves give the relationship between the amount 
CCl,—-H,O-O,. The other curves of chloride ion produced and the radiation dose for all the solid 
denote the same mixture in the pres- substances which we have studied, In all these cases the propor- 


ence of: 2) 1.4%; 3) 7.1%; 4)14.2%; tion of solid material was 7.7% by weight. 
5) 20.0% silica gel by weight. 


The solid substances used, according to their.capacity to in- 
crease the yield of chloride ions, may be arranged in the follow- 
ing order: Al,O3, SiO,, FegO,, carbon, CugO. None of the solid substances will produce any kind of chemical 
change in the mixture unless there is simultaneous irradiation, that is, there is no direct catalytic effect, More- 
over, there is no catalytic effect if the solid substances themselves are previously irradiated, 


In order to solve the question as to how the acceleration of the decomposition of the carbon tetrachloride in 
the system containing solid phase was concerned with the presence of these solid substances with the presence 
of the oxygen, a series of experiments were carried out in which nitrogen was blown in, The results in the absence 
of the solid phase for these systems are set out in Table 1, It is clear that oxygen here plays no part in the decom- 
position of the carbon tetrachloride, since exchange of oxygen for nitrogen does not affect the yield of chloride 
ions, The initial yield of hydrogen peroxide in the system CCl,—H,O—O, is about one third (0.07 mole/ 100ev) 
that obtained in experiments in which nitrogen is blown in, It is typical both of the experiments using nitrogen, 


and of those using oxygen, that the concentration of hydrogen peroxide diminishes with increase in the irradiation 
dosage, 


518 


Table 2 shows that the introduction of solid substances 
(A1,05, SiO, Fe,O;, carbon) into the system being irradiated 
only increases the yield of chloride ions in the presence of oxy- 
gen. 


The irradiation of the system CCl,—H,O~solid substance 
with the blowing in of nitrogen gives a concentration of chloride 
ions practically identical with that obtained in the system con- 
taining no solid phase, It seems that in this case the solid ma- 
terial simply acts as a ballast, absorbing the gamma radiation, 
but not transferring the energy from this to the components of 
the mixture, In all the systems investigated the yield of hydro- 

i 1 gen peroxide, both in the presence of nitrogen and in the presence 
6 8 Wer! g of oxygen, is very low, but, in contrast with the behavior of the 
Fig. 2, Relationship of the concentra- system without a solid phase, the concentration of hydrogen per- 
tion of chloride ions to the irradiation oxide in the solution increases with increase in the radiation 
dosage, 1) The system: CCl,—H,O—Og. dosage, Cuprous oxide differs from the remaining solid additives 
The other curves denote the same sys- in that it increases the concentration of chloride ions both in the 
tem in the presence of: 2) Al,O3; 3) presence of oxygen and in the presence of nitrogen, The hydro- 


silica gel; 4) Fe,O,; 5) carbon; 6)Cu,0. gen peroxide yield reaches the figure of 2 mole/ 100 ev. 
In each case the proportion is 7.7% by 
weight, 


eq/ liter 


Concentration of.- 


Cl-ge 


The experimental results which have been obtained show 
that it is a necessary condition for the majority of the systems 
investigated, if the radiation yield from the decomposition of 
the organic substance in aqueous solution is to be increased, that the solid substance and oxygen must be present 
together in the system, the former as a catalyst, It is possible that adsorption of the oxygen in a more active form 
takes place on the surface of the solid material, thus making possible a reaction of this with adsorbed molecules 
of the components of the mixture, The surface reaction is apparently specific for each solid substance, and will 
no doubt be determined by its electrical and adsorptive properties, 
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The most accurate values of the ionization potentials of some simple aldehydesand ketones have been ob- 
tained by a spectroscopic method by Price and Walsh [1]. These authors showed, however, that the first ioniza- 
tion potential of aliphatic compounds containing a carbonyl group was determined by the removal of one of the 
nongeneralized p-electrons of the oxygen of the carbonyl group, Since in these compounds the electron removed 
by ionization belongs to the electrons localized on the oxygen atom, the magnitude of the ionization potential 
depends on the density of the electron cloud in the neighborhood of this atom, This fact opens up the possibility 


of tracing the mutual effect of atoms and radicals forming parts of complex molecules by the aid of their ioniza- 
tion potentials, 


TABLE 1 


First Ionization Potentials of Aldehydes and Ketones 


lonization|, © lonization 
Compound potential Compound potential, 
ev 
H - GH 
Formaldehyde we =0 10, 900,03 Propytbuty! =0 9,100, 05 
cH %7 Diisobutyl- 
Acetaldehyde =O 10,200,038 ketone y =O 9,044 0,03 
0,51] Cyclo- 
CH, C=O | 9,42+0,03 
Dimethylketone,,, = © 9,71+0,03 pentanone 
ketone 9,540,083 hexanone 1440, 
2 
Methylpropyl+ CH 
Methylbutyl- CH, Pivalone = 0 | 8.6520,03 
Dipropyl- GH; 
ke one) ; 


2 

3 

7 


TABLE 2 


Ionization Potentials 


Ionization Ionization 
Compound C d 
| 10,900,083 | 10,2040,03 
3 
=O | 10,20+0,03 Sc=0 | 9,71 40,03 
H CHs 
10,16 +0 ,03 [=O | 9,65 +0,03 
NH, 
H CHa. 
Nc=0 | 11,05 +0,03 DE | 10,38 + 0,03 
OH” Ou 


In this work, we have determined ionization potentials by using the method described earlier [2], The values 
for the ionization potentials which we have obtained are set out in Tables 1 and 2, 


In aliphatic compounds, only those types of interaction are possible which have been ciassified by chemists 


under the name of the positive inductive effect (+1), In consecutive order the induction effect diminishes in the 
order: 


CH, > Gis > Gal, > CH, 


The ionization potentials shown in Table 1 are in excallent agreement with this series 


If we suppose that the change in the ionization potential in the series under discussion is a linear function of 
the inductive effect, then, by considering each successive member in the series of the previous one, it is easy to 
see that the induction interaction diminishes in inverse proportionality to the square of the distance between the 
methyl and carbonyl groups, Actually, the replacement of the hydrogen atom of formaldehyde by a methyl group 
leads to a reduction of the ionization potential by 0.7 ev, A second methyl group directly combined to the car- 
bonyl group reduces the ionization potential by a further 0.5 ev, If one of the hydrogen atoms of dimethyl ketone 
is replaced by a methyl group, then this methyl] will be twice as far from the carbonyl group as the methyl of 


acetaldehyde is, and the reduction in the ionization potential should be only one quarter as great, which is what 
is observed experimentally, 


The ionization potentials of the higher members of the series are also in agreement with this law, and we 
may express the relationship approximately by the equation: 


const 


where Alp is the difference between the ionization potentials of two neighboring members of the series; Z(n + 1) 
is the relative distance between the carbonyl group and the hydrogen atom which is being substituted by a methyl 
group; the compound then formed being the n + 1nth number of the series, 


This relationship is valid not only for linear saturated ketones, but also for more complex branched ketones, 
whose ionization potentials are given in Table 1. A consideration of the values of the first ionization potentials 
of these compounds shows that the inverse proportionality of the difference between ionization potentials and the 
square of the distance between the substituting methyl groups and the carbonyl group describes the actual additiv- 
ity with good accuracy, Actually, pinacoline may be regarded as acetone in which three hydrogen atoms are sub- 
stituted by methyl groups. The substitution of one hydrogen atom by a methyl group in acetone leads to a reduc- 
tion of the ionization potential by 0.17 ev. This means that the ionization potential of pinacoline ought to be found 
to be 0.51 ev less than the ionization potential of acetone, giving its value as 9.20 ev, The experimental value is 
9.1820.03 ev. A similar consideration of pivalone, which may be thought of as acetone in which six hydrogen 
atoms have been replaced by methyl groups, leads us to expect an ionization potential of 8.69 ev, compared with 
the experimental value of 8.6540.03 ev, 

The regularity which we have derived is valid, it seems, not only for ketones in which there exists a posi-— 
tive effect, but also for their halogen derivatives, where a negative inductive effect (-1) occurs. This should 
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lead to an increase of the ionization potential. We offer as an illustration the ionization potentials of chloroace- 
tone (9.9140.03 ev) and dichloroacetone (10.1240.03 ev), which we have measured in the course of this work, The 
values of the ionization potentials of these compounds are,respectively, 0.20 and 0.41 ev higher than the ioniza- 
tion potential of acetone itself, which is 9,71 ev, 


The regularity emerging from these experiments may not only be used to elucidate the mutual interactions 
of functional groups in molecules, but also for the estimation of the ionization potentials of more complex satur- 
ated ketones, 


Table 2 gives the ionization potentials of somealdehydes ketones, amides and acids, In the two last cases, 
in addition to the inductive effect, a conjugation effect enters into the picture, Since the NH, and OH groups 
have larger electron affinities than hydrogen atoms, the direction of the inductive effect ought to be opposite to 
that found with the aliphatic radicals (—1), The conjugation effect would,in the case under consideration have 
opposite sign to the inductive effect, owing to the mobility of the free electron pairs in the atoms of the substitu- 
ent, which are included in the orbits of the oxygen atom of the carbonyl group, so increasing the electron density 
concentrated around it, 


Both effects in the amide and the acids may be represented schematically thus; 


-1 effect +m effect 


c==0 


x 


X denotes the NH, or the OH group. Since these effects provoke shift of electrons in opposite directions, 
then the effect on the ionization potential will depend on which of them is the dominant one, 


It is seen from Table 2 that the ionization potentials of formamide and acetamide are, respectively, 0.74 
and 0,55 ev less than those of formaldehyde and acetaldehyde, and are even somewhat lower than the potentials 
of acetaldehyde and dimethylketone (by 0,04 and 0.06 ev, respectively). This pointsto the predominance of the 
positive conjugation effect, enriching the electron density around the oxygen atom of the carbonyl group. Con- 
sideration of the ionization potentials of the acids shows that for these, on the other hand,the negative inductive 
effect is the predominant one: that is, the shifts of electronic charge is towards the oxygen atom of the hydroxyl 
group. These conclusions are in harmony with chemical data [3], according to which the positive conjugation ef- 
fect diminishes in the order 


N (CHs)2 > NH, > OH > Cl, 


while the positve inductive effect diminishes in the order 


OH > NH2 > NHCHs > N (CHs)2 > He 


We may note that in the work of Higasi et al. [4] the same compounds were used for measurement of ioni- 
zation potentials by the method of electron collision, and that the results obtained were appreciably different from 
our own, The authors, in their analysis of their own results, attribute to the amides a negative inductive effect 
which exceeds the conjugation effect, which is evidently not in agreement with the reduction of the basicity of 
the NH, group in amides as compared with amines, 


This work has been carried out under the direction of Academician A, N, Terenin, 
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It is of considerable theoretical and practical interest to know the magnitudes of the rate constants of the 
elementary reactions, and the activation energies, of atomic hydrogen with the hydrocarbons, These reac- 
tions play an essential part in the oxidation and cracking of hydrocarbons, 


To determine the constant of the reaction, 
H+ RH=H, +R (I) 


and its activation energy, N. N. Tikhomiriva and V, V. Voevodskii [1] have made use of the reduction of the sec- 
ond self-ignition limit of hydrogen:-oxygen mixtures in the presence of small concentrations of the higher homol- 
ogs of methane and some unsaturated hydrocarbons, It is a necessary condition of the applicability of this meth- 
od that the author's fundamental assumption can be taken as correct, This assumption is that the radicals R formed 
in the course of the reaction, and also any radicals which may arise as a result of the reaction of R with oxygen, 
should be less reactive than the chain bearers— hydrogen atoms — themselves, 


The likelihood that this assumption is true has been en- 
mm Hg hanced by aseries of researches by Baldwin and his colleagues 
pena [2], the first of which was carried out independently of, and 


ad at the same time as, the work referred to in [1]. 
ze) It appears: from the work of Baldwin and his colleagues 
115 that, in harmony with the usually accepted idea of the mech- 
a. anism of the oxidation of hydrogen, mixtures rich in hydrogen 
. exhibit a linear relationship between the difference of pressure 
5 L ————! 1 at the second ignition limit of the hydrogen oxygen mixture, 
400 400 500 590C when measnred in the pure mixture, and at the same limit in 
Fig. 1. Relationship of the ignition limit the same mixture containing small quantities of saturated 
to the temperature, 1) For the mixing hydrocarbons, and the partial pressure of the added hydrocar- 
2H, + O,; 2) for the same mixture contain- bon, The weak dependence found by the authors between the 
ing 0.6% ethane, quantity of added inhibitor (twice the amount of which is 


necessary for the lowering of the second limit as compared 
with the uninhibited limit) and the diameter of the reaction vessel and the composition of the mixture, apparently 


only takes place in mixtures of low hydrogen content, in which the chief active centers are, apart from the hydro- 
gen atoms themselves, hydroxyl radicals, 


The method of inhibition of the second limit for the determination of the rate constants of elementary re- 
actions suffers from certain defects which prevent its being very accurate, Even when working under flow conditions, 
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it is impossible to prevent the formation of water vapor, the 
mm Hg molecules of which, as is well known [4], are very active ter- 
nary particles in the chain terminating reaction; H + O,+M = 

= HO,+ M, At temperatures between 550° and 650°C and com~ 
paratively high pressures of the reacting mixture, it is impos- 
sible to neglect the reactionsof HO, with other molecules which 
may lead to the development of new chain-carriers. 


This fact, together with the difficulty associated with 


5 1 work under flow conditions, rather diminishes the value of the 
wad oo aod SC method of determining rate constants by the reduction in the 
Fig. 2. Relationship of the ignition limit upper limit, We therefore suggest a modification of this meth- 
to the temperature, 1) For the mixing od which makes possible a more accurate determination of the 

2H, + O,; 2) for the same mixture con- constants and activation energies of the reaction of atomic 
taining 0.4% propane, hydrogen with various hydrocarbons, and with substances which 


can act as hydrogen donors, The method is based on the shift 
(that is, the increase) of the lower limit of self-ignition of mixtures rich in hydrogen in the presence of hydro- 
carbons, Working in the kinetic region, it is possible to obtain very low values 5f the lower limit within the tem- 
perature range 400-530°C. Under these conditions the influence of water vapor, and also the reaction of HO, 


with other molecules, may be completely disregarded. The condition for the lower limit in the presence of an 
inhibitor is [3}: 


2Ka (Oz) = Kg + Ks (RH), (I) 


where Kg is the rate constant for the branching reaction: H + O, = OH + O; K, is the rate constant for the destruc- 
tion of hydrogen atoms on the walls of the reaction vessel; and Kg is the rate constant for reaction (I). 


Equation (II) may be rewritten in the form: 


where K,/ 2K; is the partial pressure of the oxygen at the first noninhibited limit; Pie is the partial pressure of 
oxygen at the first limit in the presence of the inhibitor RH, Hence 


PRE — OK, Ks ~ Prue 


If we denote the difference Pio -PiG, by the term AP, and take into account the fact that the experi- 
ments are conducted on stoichidmetric mixtures of hydrogen and oxygen, we arrive finally at the equation: 


AP 
Poa Ke av) 


If we determine the value of AP from the experimental data, and knowing the partial pressure of the in- 
hibitor at the first inhibitor limit, together with the value of K, determined earlier [5], it is not difficult to cal- 
culate the value of Kg for each temperature, For the determination of its temperature dependence we may em- 
ploy Eq. (IV), inserting in place of Kg and K, in the equation the expressions: K, = K®, exp(—E,/ RT), and Ky = 

= K®, exp (—E_/ RT), where Es and Ey are the activation energies of the destruction of hydrogen atoms in the bulk 
phase, according to reaction (I), and the branching reaction. respectively, Inserting the values of Kg and Ky in 

Eq. (IV) and taking logarithms, we obtain: 


‘| 
AP 3K? 
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Fig. 3. H+ E =12,000 


cal/mole. 


Values of the Rate Constant and Energy of Activation 
for the Reaction: H + RH = Hg + R. 


120, 73 738 
— 


cal/ mole 


From the slope of the straight line on the 
coordinate log (AP/ Pry) and 1/T, we may obtain 


the quantity AE = R—E;, and so E; = E,—AE, where 
E, = 15,100 cal/ mole. 


The first self-ignition limit of the hydrogen— 
oxygen mixture has been determined by the ordin- 
ary method of passing the gas into an evacuated 
quartz reactor heated to the required temperature, 
The reactor was in the form of a tube of diameter 
2.8 cm and length 14 cm, So as to obtain repro- 
ducible values of the limit when these were low, 
the vessel was first washed out with hydrofluoric 
acid and subsequently, after careful washing with distilled water, treated with 2% potassium tetraborate, These 
precautions in cleaning the reactor, in conjunction with repeatedly exploding in it a mixture rich in oxygen, made 
it possible to obtain very low values of the limit, extending from P, ~ 0.18 mm Hg at 410°C to Py ~ 0.05 mm 
at 550°C. The ignition was recorded by means of a membrane manometer of high sensitivity, The values of the 
lower limit in a pure mixture of composition 2H, + Og, and in the same mixture containing 0.6% ethane or 0.4% 
propane, are depicted in Fig. 1 and Fig. 2. To obtain approximately the same shift in the case of inhibition by 
butane,as had been obtained in these experiments, experiment showed that only 0.2% butane was needed, The 
values of K, for 480°C, calculated from Eq. (4), are shown in the table, 


Ks 


cm*/mol «sec 


E, cal/ mole 


Ethane 1.49 12000 
Propane 2.67 8500 
Butane 2.96 6000 


Equation (V) was used for the determination of E;. It is clear from this equation that log (AP/P, RED bears a 
linear relationship to the reciprocal of the temperature, Figures 3 and 4 give the experimental data obtained for 
ethane and propane; it can be seen that the experimental points lie with good accuracy on their respective straight 
lines, A similar straight line was obtained for inhibition of the first limit by n-butane, The energies of activation 
of the appropriate reactions were calculated from the slopes of the lines, and are shown in the table, 


The values obtained for the energies of activation of the reaction of atomic hydrogen with ethane molecules, 
propane molecules and n-butane molecules are somewhat higher than the corresponding values obtained by N. N. 
Tikhomirova and V, V. Voevodskii [1], and approximate to the values calculated by Steacie [6] and many other 
investigators on the basis of these methods, 
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A direct study of the velocity of explosion products would have great value, both from the point of view of 
developing theory of detonation, and from the point of view of the practical application of explosive substances, 


In publications [1, 2] a method is described for determining 
B the velocity of explosion products, which is called by the authors 
tt the “cutting off* method, This method is based on the calculation 
MPO-2 


of the Poisson adiabatic index, n, of the explosion products, If 

use is then made of the equations of the conservation of mass and of 
momentum, it is possible, from the measured value of the velocity 
of detonation, D, and the calculated value of the adiabatic index, 
n, to determine the mechanical parameters of the detonation wave 
Fig. 1. Schematic presentation of the at the Jouget point [3] (the point at which the Chapman and Jouget 
coil used to create the magnetic field equation is satisfied, u + c = D, where u is the velocity of the de- 
and the charge on the detector, 1) Cap- tonation products, and c is the velocity of sound in the explosion 
sule detonator; 2) supplementary de- products); since u = D/(n + 1) = velocity of the explosion products 
donator; 3) explosion lens to create a (mass velocity); p = po(n + 1)/n density of explosion products 
plane front; 4) basic charge of the ex- (where p 9 = initial density of the explosive substance), and P = 


plosive substance; 5) detector; 6) half =p uD = p 9D¥(n + 1) = pressure of the explosion products, 
indi ; ood for th 
Vee oe: 1) eee The present paper is devoted to a description of a direct 
charge; B) battery; source of constant 
’ measurement of the velocity of the detonation products by means 
current, K) switch for closing the elec- ; 
of an electromagnetic method [4], 


trical circuit, 


This method is founded on the development of an emf in a 
conductor which is being moved in a magnetic field, It is assumed 
that the detector in the charge after the passage of the detonation 
front is moved along with the products of detonation, The likeli- 
hood of this assumption is confirmed by the fact that results ob- 
tained by this and other methods [5] are close to one another 


Employing the relationship between the velocity of move- 
Fig. 2, Photograph depicting the emf ment of the detector, u, the length of the detector, L, the intens- 
P ; ity of the magnetic field, H, and the magnitude of the induced 
induced on the moving detector, 
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emf, €, we obtain the relationship: u =(10°/ HL)}cm/ 


> / sec, where € is measured in volts, H in oersteds, 
Explosive substance Pog/ , ae em’| cal and L in centimeters, The emf induced on the de- 
em? kkm/enkmemkm/ cm tector is determined by means of a cathode oscillo- 
Compressed trinitroto- graph of type OK-17M, 
The detector was made of copper or aluminum 
» » 1,47 | 6,52 | 4,74 | 4,73 foil of thickness 0.3-0,5 mm, bent double into a I-shape, 
» » 1,34 Hers eo 4 The detector is made broad enough so as to reduce to 
Cast trinitrotoluene 4 700 4181 | 41,84 a minimum any errors arising from the detonation 
TG 50/50 cast 1,68 | 7,65 | 2,03 | 2,07 wave flowing round it, The dimensions of the working 


part of the detector were 10x 15 mm, 


On the suggestion of B, K, Shembel', we have worked out a nonstationary method of creating the magnetic 
field. This magnetic field has been created by passing a constant electric cnrrent through two coil half-windings, 
separated by a distance equal to the radius of a coil, In this case the intensity of the magnetic field at the center 
of the coil may be calculated to a high degree of accuracy from the formula [6}; H = 0.45 wI/R, where w is the 
total number of turns in the winding, I is the current passing through the coil, and R is the radius of the coil, 


The measurement of the current was carried out by determining the drop in potential along a standard 
resistance of 0.01 ohm included in the feed circuit of the coil, 


Figure 1 gives a schematic presentation of the position of the coil creating the magnetic field and the 
charge on the detector, A typical example of the emf record produced is shown in Fig, 2, 


To calculate the mass velocity of the explosion products, the value of the emf is extrapolated to the initial 
instant when the detector began to move (point A in Fig, 2),and the emf value at this point is obtained. The mean 
error in the determination of the mass velocity in a series of 3-5 experiments did not exceed 3%, The experiments 
were performed on both cast and compressed charges of trinitrotoluene and a mixture known as TG 50/50 (that is, 
a mixture of equal weights of trinitrotoluene and hexogene), The results are given in the table, 


It can be seen from the table that the electromagnetic method gives rather lower results than the cutting-off 
method, which is presumably to be explained by the conductivity of the ionized products of the detonation, 


A detailed consideration of the oscillogram shows that in the initial time after the detonation we obtain a 
linear drop of the mass velocity with time, This points to the fact that the Poisson adiabatic index is not only in- 


dependent of the initial density [2], but also remains constant for some time (3 to 3.5 psec) after the detonation 
front of the wave, 


The merits of this method lie in the fact that it permits the direct measurement of the mass velocity not 
only at the wave front, but also some time behind the wave front of the detonation. 
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The difference in mechanism between the spreading of laminar flames and the spreading of turbulent flames 
ought to be expressed in different relationships between the corresponding rates of combustion and the pressure, 
This relation for laminar combustion can be arrived at from an approximate heat theory [1], according to which; 


(1) 


where n is the order of the over-allreaction in the flame, 


Measurements which have been made in the cone of the bunsen 
mec flame, for a series of air mixtures at pressures lower than atmospheric, 
5 have led to values of k =[n/(2—1} <0, According to publication [2], 

the value of k for benzene, n-pentane and isooctane is—0,33; accord- 
‘ ing to [3] its value for propane is—0,3; and, finally, a review of the 
measurements on propane in publication [4] gives values of k from 
~ 
0.19 to —0.3, 


aS UnPr® Measurements of the rate of combustion of propane—air mix- 
| al ne burner turesin the initial stages of combustion in a spherical bomb [5], gave 
: k =—0.05,. We have also obtained the same relationship with the pres- 
? Ty P- Us sure in our own experiments, which were carried out in the bomb des- 
Q3}- to bone” cribed in [6], for a stoichiometric mixture of propane and air within 
: meat the pressure limits of 0,4 and 1.76 atm, The rate of spreading of a 


spherical laminar flame was obtained within limits for the radius of 
Fig, 1 of the flame from R® 10 mm (that is, with the exclusion of the of 
ignition stage) to R ¥ 40 mm ( that is, less than 55% of the radius 
of the bomb),.when the increase of pressure from combustion was 
not more than 3-4% away from the maximum pressure increase. 


We shall consider the source of such appreciable difference between the relationship of uc to the pressure 
under the conditions found in the flame of a burner, and during spreading in a closed space, The latter case in- 


volved a rate of combustion evidently determined by the rate of spreading of the flame, dr/dt, according to the 
relationship; 


(dr /dt)/e. 
(2) 


is born 

m/sec 

> 
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For determination of € , the degree of spreading due to combustion, the width of the combustion zone is 


neglected, and taking the mean gas temperature within the sphere of the flame as equal to the adiabatic com- 
bustion temperature, we may write: 


(3) 


where m/ Mp is the change in the number of molecules on combustion, This assumption, however, is valid only 
for pressures sufficiently close to atmospheric pressure; the more the pressure is lowered, and the wider the zone 

of combustion, so much the more does the mean temperature of the flame-gas deviate from the adiabatic tem- 
perature, The degree of widening calculated from (3) deviates more and more from the actual value, and the 

rate of combustion calculated from (2) becomes progressively lower in comparison with the true value, The 
comparison in Fig. 1 of the rate of combustion of a propane—air mixture as measured at a burner in the work men- 
tioned [4], and the results obtained by us in a bomb, shows a considerable divergence between them when Pp is 

less than 0,5; this divergence increases still further with further pressure reduction, Since a change in the rate 

of combustion in the flame of the burner is not bound up with increase in the degree of spreading, the relationship 
u, ~ p-(%2" %8) must be considered to be the most reliable, 


Decrease in pressure is accompanied by decrease in the combustion temperature, Tc , owing to an increase 


in the degree of dissociation, The growth of this factor in relation to ue may be represented approximately by the 
following formula: 


Te" (Ts — To) exp (— Ee/2RT,), (4) 


which combines in itself all the temperature-dependent quantities in the heat-theory formula for a flame in 
bimolecular reactions, According to the data of publication [7] for a stoichiometric mixture of propane and air, 
T, Varied from 2242 to 2277 K within the investigated range of pressure. If we take the value of Eg as 20 kcal 
per mole from the data of experiments carried out at the time on hydrocarbon-air mixtures, then (4) shows a change 

in u,, not greater than 1%, 


Thus, all the observed change in the laminar rate of combustion within these pressure limits may be com- 


pletely accounted for by the pressure variation itself, According toEq. (1), this corresponds to a reaction 
order of 1.4-1.6 in the flame. 


The effect of pressure on the turbulent rate of combustion in the current has been investigated in work re- 
ported in publications [4, 8] in an open flame, and in the work of Doroshenko and Nikitskii (see [9], p. 32)and[10Jina 
chamber under a turbulizing lattice (subatmospheric pressure being used throughout), 


a 
Fig. 2 
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In the open flame experiments, which were performed with the Re value kept constant, the turbulent rate 
of combustion u, was either unchanged [4], or increased as the pressure was reduced uy; ~ ee (8]. However, the 
condition that Re = wdp/ = constant for constant diameter of the burner signifies that reduction in pressure will 
produce increased current rate, that is, w ~ p~’, so that the level of turbulent pulsations will also increase, and 
exert its own independent effect on the rate of turbulent combustion, Actually, in the experiments reported in 
[10], it was shown that the relative intensity of turbulence, u'/w ~ p*™, This means that the absolute intensity 
of turbulence changes according to the relationship; u' ~ p~"®, which ought also to lead to the acceleration 
of turbulent combustion at reduced pressure, which occurs under the experiments described in [8]. 


On the other hand, when the rate of flow is maintained constant, a direct relationship is found between u; 
and the pressure, such as uy ~ p’“ which was found for the propane— air mixture in [10], or, with pressure expo- 
nents varying from 0,25 to 0.5, in the experiments described in [9]. In an investigation of the effect of pressure 
on the rate of turbulent combustion in a closed space, a preliminary study showed that the absolute intensity of 
the turbulence u's [6] remains constant for a given potential on the electric mixer within a pressure range of 
100 to 760 mm Hg. Experimental work gave the value of u'; as 4,2 m/sec, while for the stoichiometric propane; 
:air mixture the ratio u’y/uUc¢ was greater than 10, The results of these experiments are set out in Fig, 1, within 
pressure limits of 1.76 and 0.5 atm, and give the relationship: ur~p™?. 


The closeness of agreement between the pressure exponents determined in the bomb and under flow con- 
ditions is a consequence of the essential similarity in the mechanism of turbulent combustion, irrespective of the 
process whereby the turbulence is created, On the other hand, the observed increase in u, with growth in pressure 
for a constant turbulence intensity cannot be harmonized with a surface-laminar model no matter what form the 
latter takes, since the laminar and turbulent combustion rates change with pressure in opposite directions, 


From the standpoint of the pulsating ignition model [11], and the general relation: 


the observed change of u; with pressure, under conditions in which u's is constant, is a combined effect, related 
to the pressure both by the period of induction of ignition, rj, and by the characteristic diffusion time, tp. Ac- 
cording to publication [10] the scale of the turbulence, 2,, does not depend on the pressure, and therefore: 


l 
(6) 


It follows from this that u; diminishes with reduction in pressure because of the increase of 7, and the shortening 
of to. 


Under the conditions of experiments in the bomb, however, that is, when a! is constant,we must also sup- 
pose that ty is constant, On this assumption, the observed change with pressure of u; should be completely deter- 
mined by the change of the period of induction of the ignition with pressure, That is, ri~p’*’. A low value 
of the pressure exponent would in this case point to the kinetic part of the total induction period as being com- 
parable with the time of mixing of the fresh gas with the combustion products, 


When the pressure is reduced to below 0.5 atm, a more abrupt reduction in ug is observed that would cor- 
respond to the value of 0.3 for the pressure exponent, From the ciné frames shown in Fig. d, it can be seen that 
the reduction within this pressure range of the neutralized rate of propagation of the spherical flame is concerned 
with the fact that the flame does not occupy the whole volume of the sphere uniformly, but is spread out in sep- 
arate "tongues? similar to the spreading of a turbulent flame with concentration limits (see Fig, 3 in [11]). This 
point to the existence of difficulty in turbulent ignition, due to the fact that with reduction of pressure rj increases 
and tg is shortened, Under the given experimental conditions turbulent ignition is usually impossible under pres- 
sures less than 0,4 atm, The essential basis of the pulsating ignition model would make turbulent ignition im- 
possible when the induction period of ignition exceeds the time of diffusion mixing arising from it, that is,;when 


% = to. (7) 
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ay 

4 

to 
Uy = (5) 
i 


This is the general condition for the limits of turbulent ignition, expressed either by pressure or by composi- 
tion of the mixture, We may note that under this condition the hydrodynamic factor enters in, not only through 


the quantity tg, but also through the magnitude of the induction period, depending on the conditions of turbulent 
mixing. 
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It has been shown in an earlier publication [1], that exchange between gaseous hydrogen bromide and ace- 
tone takes place by collision of HBr molecules from the gas phase with acetone adsorbed on the walls of the vessel, 
Owing to the acidic properties of the HBr molecule on the wall, it is presumably possible for protolysis of the ace- 
tone to take place in such a way that the whole HBr molecule, rather than one proton, is involved in the combi- 
nation, By this means a so-called ion pair is formed on the surface, and will be similar to the ion formed in the 
liquid phase: 


The residual Br is capable of splitting off a hydrogen atom fromone of the methyl groups within the com- 
plex: 


CHs — C= CH, 
| + HBr. 


The cycle proceeding in the opposite direction occurs in the volume phase, 


In order to put this suggestion to the test, and to elucidate the general rules governing exchange between 
compounds containing hydrogen and an unshared electron pair, on the one hand, and acetone which contains chem- 
ically reactive hydrogen, on the other, we have undertaken a study of the kinetics and mechanism of the isotopic 
exchange between acetone and water or ammonia, 


Experiments carried out on exchange between ammonia and acetone dg by the method described earlier 
[1] in the temperature range 20 to 250°, and at Py, = 140 mm and P,,, = 70 mm, showed that no exchange took 
place during a period of 2-3 hours, We drew the conclusion, therefore, that the mechanism analogous to the mech- 
anism of the process in the liquid phase, with ion pairs formed on the wall, and a transitional complex of the form: 


8+ 
CHs—C—C —H 
' 


— 


was very improbable, because the H in the methyl group cannot, apparently, be the site of the primary attack by 
the ammonia, 


: 
Be 
= 
‘ 
Is 4 
CH; --C—C—H 
4 
= 
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Fig. 1. Relationship between the rate of ex- 
change and the acetone pressure (curves 1 and 
3) when P = 15 mm; and between the rate 
of exchange and the water pressure (curves 2 
and 4) when P, = 5 mm. Experiments 1 and 
2 were carried out in an empty vessel, and 3 
and 4 in a vessel with filling, 


We have studied the exchange between acetone 
and water by using tritium as the marker, The method 
is very sensitive in view of the very high specific activ- 
ity of the initial tritio—water (py;79=4.52+ 10° impulses/ 
/min+mm) and we have therefore been able to observe 
rates of exchange between acetone and water which are 
very slow (only about 1/1000 of that between acetone 
and hydrogen bromide), and to determine the kinetics of 
the process, It will be shown that the exchange between 
HTO and acetone follows a different law from that set out 
above. The experiments were done ina vacuum apparatus, 
using a quartz vessel of volume 1.5 liters which was pre- 
viously treated with chromic acid mixture and carefully 
washed with distilled water, The quantity of mixture 
inserted in the vessel was determined by means of a mer- 
cury manometer, using a microcathetometer, After the 
reaction, the mixture was frozen out and diluted by about 
50-100 times its volume of acetone, The mixture of 
water and acetone so obtained (amounting to about 1.5 
ml) was separated in the following way, Dibutyl ether 
and 2-3 drops of water were added, The mixture was 
shaken, and separated in a separating funnel, and the 
solution of acetone in dibutyl ether was dried by means 
of alumina, The operation of washing out the water was 


repeated, and then the acetone was distilled away, using a flask fitted with a fractionating column, It was shown 
by special experiments that no exchange took place during the separation process. 


The tritium content of the acetone was determined by means of a counter fitted internally, The pressure 
of acetone in the counter was determined with an accuracy of 0.01 mm Hg, The tritium content of the water was 


found from the specific activity of the hydrogen obtained by reducing the water over magnesium in a vacuum ap- 
paratus at 470°C, The rate of exchange was calculated according to the formula; 


Rh= + 


for low percentage of exchange, 


nA + mB 


Rh=7- 


nAmB In ( | 
Pw (2) 


_ These formulas were obtained from the work reported earlier [1] for the conditions pa, pg, Pp « 1, k = 1|1); 
Pa/p <« 1|2|, where the initial formula, p, = A*/nA gave the value of the relative isotope composition, That 
is, Pg = (T),./6A. Since the intensity of the 6 -radiation is proportional to the tritium content, I = A(T], where 
is the disintegration constant, and only relative values of the quantity I are used in formulas (1) and (2), since 
it is not necessary in the calculation to know the absolute concentration of the tritium, 


Thus, np is the specific activity of the acetone at time t; mp 


is the initial specific activity of the 


Ww 
water; Rf, is the rate of exchange; A and B are the concentrations of acetone and water,respectively; n and m 


are the numbers of atoms of hydrogen in the molecules of acetone and water, respectively; then; oak Em 
Bm/(nA+mB), the mean activity of the hydrogen atoms in the system. 


A study of the orders of the reaction in an empty quartz vessel at a temperature of 180° has shown (Fig. 1) 
that the rate of reaction is almost completely independent of the concentration of the reacting substances within 
certain limits (acetone pressure from 3 to 80, and water pressure from 4 to 20 mm Hg), Increase in temperature 
does not alter this relationship between rate and the pressure of the reactants, The dependence of the rate on 
temperature is more complex, as Fig, 2 shows, From 180-250°, E = 1.5 kcal/ mole; at t = 350° E has increased to 


25 kcal/mole, Measurements were not carried out at higher temperatures in view of the possibility that cracking 
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Fig, 2, Relationship between exchange rate 
and temperature: 1) in an empty vessel; 
2) in a vessel with filling, 
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Fig. 3, Relationship between the rate of ex- 
change of acetone and water (1), and acetone 
and the surface hydroxyl groups (2), and the 
fraction of exchanged surface, 


of the acetone might take place. The relationship between 
Rf, and S/v has also been studied, Changing the size of the 
vessel caused a proportional increase in S/v, When quartz 
particles were used as filling material in the vessel, the geo- 
metrical magnitude of S/ v was increased by a factor of 16, 
The rate, however, increased by a factor of 100, which may 
be explained by the difference in properties between fused and 
powdered quartz [2]. We have proposed the idea that ex- 
change between acetone and water occurs through the action 
of hydroxy! groups on the surface, which act as an intermedi- 
ate link in the transfer of the hydrogen isotope, Confirmation 
of this hypothesis was obtained by investigating the rate of 
hydrogen exchange between surface hydroxyl groups and water 
or acetone, The surface of the vessel was treated three times 
with HTO vapor for some days at a temperature of 300-350°, 
The experiments were only carried out after careful evacu- 
ation of the water from the vessel over a period of 4-5 hours 
at 300°, Water vapors were admitted at a definite time into 
the vessel, and after freezing out their specific activity was 
determined, The operation was repeated several times with 
an increasing period of extraction of the water vapor in the 
vessel until the transitory activity on the surface was so small 
that it could not be detected, The exchange rate was calcul- 
ated from formula (1), for which the value of mB was taken 
as 1.5 mm Hg, (This was found from experiments in which 
the total activity retained on the surface was measured.) From 
calculations of the rate in each successive experiment the 
change in the specific activity of the SiOH groups was estim- 
ated in such a way that the value Rf, for the individual sub- 
stance would remain constant, The total activity retained on 
the surface amounted to 3,4+10° impulses/ min, which corres- 
ponded to 30umole/m? of the geometrical surface (S = 

= 0,95 m’), The limiting concentration of SiOH groups on 
the surface is 11 pymole/m*, Therefore, the surface studied 
by us was equal to « 3.m*, It was found that the SiOH groups 
had widely varied effects on the rate of exchange, The sur- 
face to a large extent entered into the exchange process only 
slowly, The maximum rate, obtained by extrapolation to 

T = 0, was given by Rfjmax = 0.2 mm Hg/min, The mini- 
mum fate was Rf, jn = 0.002 mm Hg/ min at a temperature 
of 180°, This difference of rate accounts for AE=2 kcal/ mole, 


Experiments on exchange between acetone and surface hydroxyl groups were carried out in a similar way, 
Figure 3, curve 1 gives the relationship of the rate of exchange to the proportion of exchanged surface. The lat- 
ter quantity was defined as the ratio of the activity of the surface at a given time t to the total activity applied. 
Figure 3 shows that reduction of rate occurs during the experiment, while exchange takes place comparatively 
rapidly with part of the surface only, Thus, if it is supposed that the water has access to all the SiOH groups [3], 
then the acetone has access only to a fraction of them, After exchange between acetone and the surface has prac- 
tically ceased (when 56S = 0,24), exchange was found to continue in the same experiment between the remaining, 
nonexchanged hydroxyl groups and the water (for which the experimental points are denoted by triangles), In view 
of the fact that the rate of exchange of water with the surface hydroxyl groups coincides with the previous acetone 
exchange at the same 6S even in the absence of the latter, we conclude that the more reactive SiOH groups be- 
have in the same way both with respect to water and with respect to acetone, In analyzing the curves in Fig. 3 
we find that; when r +0, or 8S—0,Rfymax = 3.0°1074 mole/ liter hour, This is close to the value obtained for 


exchange between acetone and water when both were present together (Fig. 1). Thus, the exchange rate between 


\ 

i 
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water and hydroxyl groups is greater than that between water and acetoné when these are present together, but 
the rate for acetone and the surface hydroxyl groups is equal to, or less than, this value, 


On the basis of the material produced in this paper the whole process of exchange between acetone and 
water may now be explained in the following way, The acetone forms a chemisorbed compound, which may be 
O. 


obtained by breaking down the Si__—Si_ groups, forming the enolate 


CH, = —CHs 


HO 


Si Si Si 
4 


(which is similar to the alcoholate discussed in [4]), followed by removal of the acetone after reaction of SiOH 
groups of the vessel which have been exchanged with tritium, Since the exchange process between the water and 
the SiOH is not a limiting process, the observed order with respect to the water should be zero, The increased 
exchange rate in the presence of water may then be explained by supposing that the adsorbed water takes part in 
exchange with the chemisorbed acetone in proportion to the fraction of occupied surface (0,01) at the same time 
increasing the rate of desorption of the chemisorbed acetone, If it is estimated that the adsorbed water reacts with 
the acetone with a rate Rf, = 3.0°107 mole/ liter- hour, then the weak dependence of the rate on the water pres- 
sure may be supposed to be due to the substitution of the slightly active SiOH groups by the more active hydroxyl 
groups of water, The temperature dependence of the exchange rate of water and acetone serves to confirm our hy- 
pothesis as to the part played by the SiOSi groups, It is found that dehydration of the surface, and increased pro- 
portion of SiOSi groups occurs in the same temperature region [5] in which a sudden increase in the exchange rate 
is found (300°), If preliminary dehydration is carried out at 600°, there is a certain increase in the rate at 180°. For 
the explanation of the zero order with respect to acetone (or the weak dependence on its concentration), we must 
suppose that the limiting stage in the pressure range from 5-80 mm Hg of acetone is the desorption of the chemi- 
sorbed acetone, This hypothesis is supported by the facts previously adduced as to the relationship between the 
initial exchange rate between acetone and the groups, and the acetone pressure (zero order at 180°), and between 
this rate and the temperature (activation energy around 180-200° is the same as that for the exchange between 
water and acetone when they are present together), 


It thus appears that exchange between acetone and water takes place by means of chemisorption of the ace- 
tone with hydroxyl groups present on the surface, forming a compound which thenreacts with adsorbed water, 
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In connection with the radical mechanism which governs the oxidation reactions of hydrocarbons, the initi- 
ation of this process is a matter of great interest, The short-period initiation of the chain process in the initial 
stage proposed by N, M, Emanuél'[1] leads to a shortening of the initiation period, and ensures that the rate of the 
reaction will lie close to the rate of the process with constant 
initiation, thus making it possible to avoid various secondary 
processes, The effectiveness of the initiation is determined not 
only by the experimental conditions, but also by the activity 

of the radicals introduced into the system, N, N. Semenov [2] 
has shown that the activity of a radical may be nieasured on 

the basis of the so-called relative activity, which defines the 
reactivity of the radical in question in comparison with that 

of any other radical, The activity is basically determined by 
the structure of the radical, which in its turn depends on the 
nature of the reacting substance, The effectiveness of the ini- 
tiation produced by any given additive, however, would be ex- 
pected to vary during the course of a complex process, during 
which a variety of products are obtained, In actual systems, 
there may very often be present at the same time both initiator 
and inhibitor; in such a case the effectiveness of the initiation 
would be expected to be determined, not only by the rate of 
origination of new chains, but also by the rate of interaction be- 
tween the radicals of the initiator and the molecules of the in- 
hibitor, 


’ We have used hydrogen peroxide as initiator for the oxid- 


40 8 feo bt ation of isopropylbenzene, The method used has been described 
Fig. 1, Kinetic curves for the formation 
of hydroperoxide during the oxidation of It has been shown that the effect of hydrogen peroxide 
cumol in emulsified form, with phase is very specific, and is to a large degree determined by the 
ratio of 1:4, at a temperature of 85°, The time at which it is introduced into the reacting system (Fig. 1), 
arrows denote the points at which there The initial short-period initiation produces neither accelera- 
are put into the system H,O,(0.015 mole/ tion of the reaction nor ashortening of the induction period, 


/ liter) and phenol (0.01 mole/ liter), 
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The introduction of hydrogen peroxide, however, into the reacting system 
at a later stage of the process, when the reaction is already slowing down, 
 ée leads to a quite different effect: it almost seems as though the brake had 
’ been taken off the reaction, and the rate of formation of hydroperoxide 
rapidly rises, The same kind of effect may be obtained repeatedly when 
se new retardation sets in by repeating the operation, until practically com- 
plete removal of the hydrocarbon has taken place, The yield of hydro- 
/ peroxide in this process is increased from 40-80%, It is not possible to ex- 
4 pe plain this picture if the introduction of the. initiator is considered only as 
ms 2 causing the creation of a large concentration of the active particles in the 
system, as was formerly supposed, The phenomenon is much more remin- 
2 A, iscent of a "“de-braking" of the reaction than of its initiation, 
With the object of explaining the cause of this phenomenon, we have 
0 carried out experiments on the use of hydrogen peroxide as initiator for the 
Rig ee 6 oxidation of isopropylbenzene, when this is simultaneously retarded by an 
inhibitor (phenol), It can be seen from Fig, 1B that after the addition of 
Fig, 2, Theoretical curve of hydrogen peroxide the reaction is restored to its previous rate, Thus, the 
formation of the intermediate introduction of hydrogen peroxide into the system evidently brings about 
product, forming and decom- a selective destruction of the inhibitor, according to some such reactions 
posing by a chain mechanism, as; CgH;0H + OH* > CgH,O" + H,O, The radicals CgH;O*, which are only 
calculated from Eq. (6) using slightly reactive, subsequently recombine, 


en (1) peed uaa These facts taken together lead to the idea that the radicals formed 
(2). The arrow indicates the 


a : during the decomposition of the hydrogen peroxide are only slightly reac- 
moment of disintegration of 
tive compared with the radicals taking part in the chain, and practically 
incapable of reacting with the initial hydrocarbon, since if this were not 
so, there would be observed an abrupt increase in the rate on introducing 
hydrogen peroxide into the initial system, 


The development of the process leads to the increasing formation of molecular intermediate products which, 
being as one would suspect, more reactive than the initial hydrocarbon, are involved inthe over-all chain process, 
which may therefore in its later stages not be capable of description in terms of kinetic regularities, In conse- 
quence of this participation of intermediate products in the chain process — for example, according to the equa- 
tion B + R’ + B** + RH (where B ** is a slightly reactive radical and B is the intermediate product) — the slowing 
down or cessation of the oxidation reaction long before the initial hydrocarbon has been used up has been recorded 
by many authors; that is, this stopping or slowing down occurs when the internal resources of the process are by no 
means exhausted [6]. Hence, the removal of the retarding products from the reaction zone, or their destruction 


ought to lead to a renewal of the process, This circumstance provides a possibility of raising the final yield of 
the desired reaction products, 


The stopping of the degenerate branching reaction at a point when the rate of initiation is greatest, can 
only be explained by the presence of an exceedingly effective inhibitor in the system, The initiation of such a 
system of slightly active radicals, while increasing the over-all concentration of the active centers, ought to lead 
to a selective increase in the rate of destruction of the reactive products causing the braking reaction, and should 
do so the more strongly the greater the rate of initiation, Therefore, the short-term but energetic effect of hy- 
drogen peroxide on the retarded reaction in its later stages ought to lead; 1) to the destruction of the reactive 
intermediate products which retard the reaction; 2) to the cessation of the chain process producing hydroperoxide 
during the time of its effectiveness; 3) to an increase in the rate of production of hydrogen peroxide to such a 


value as will be secured for the given hydroperoxide concentration by the rate of destryctive branching after its 
influence has stopped, 


We should observe that the effect of the “de-braking" reaction will only be observed under conditions in 
which the radicals of the initiator are less active than the radicals produced in the chain if the inhibitor is formed 
in the chain process, but that it will always be produced, if the inhibitor is produced by a molecular process, 
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Thus, it seems to be possible to promote the yield of products in the reaction involving a destructive-branch- 
ing chain process, if this yield is limited by the restricting ofthe fundamental process by the products of the reac- 
tion, This method can be illustrated by a model plan for the chain process, Let 


A-B-—-C, (1) 


where the hydrocarbon A is converted by a chain process into the product B, giving destructive branching, and 
afterwards into the product C, so breaking the chain, Then a set of differential equations describing the process, 
on the assumption of a second-order chain-breaking process, may be set out in the form: 


dn 
= — n; (2) 
dC 
at = k,Bn, 


where Wg is the rate of production of the active centers; k,, kp, and k, are the rate constants for the reactions of 
the active centers furthering the chain, corresponding respectively with A, B, and C; h is the rate constant of des- 
tructive branching reaction; g is the rate constant of the chain-breaking reaction; and n is the concentration of 
active centers furthering the chain, 


B h _W 
Writing the dimensionless quantities th, A=% =O} bV =p; = Wo, 


we may rewrite the equational system (2) for the stationary state of the reaction in the form 


dy + 

Wo + 

dt BE+ Voo+n (3) 


Dividing (3') by (3), and integrating the equation so obtained, with the limiting conditions that € = 0 when 
n = 0, we obtain; 


1 


If the logarithm is expressed as a series and the first two terms alone retained, Eq, (4) takes the form: 


I? 


a 
5) 


After this stage, the integral of (3) is easy to obtain, If we integrate it by means of the result in (5), neglect- 
ting Wo for the condition that n = no, when T = To, we obtain the relationship: 


If at the point when r = 74, the substance C which retards the reaction is destroyed, the course of the kinetic 
curve at this moment will be described by the equation: 


—an 1+Van 1—Vom 
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The graph of n = f(r), calculated for the various values of 6 is Fig. 2, The moment of destruction of 
the inhibitor is shown by an arrow. The increase in the reaction rate is clearly seen, It is evident that the initi- 
ated system is all the more effective,the later the stage of the reaction at which the effect is intoduced, We may 
note that the patent literature contains an indication of such anincreased yield of reaction products when a short- 
period initiation is employed in the course of the process [5]. It has been found that, in the alkaline oxidation of 
alkylaromatic hydrocarbons, a short-period ozonization of the oxygen in the course of the reaction leads to an in- 
creased yield of hydroperoxide at high rate of reaction, The amount of side products obtained is diminished under 
this procedure. This method of initiating both liquid phase and emulsion oxidation of hydrocarbons has possible 
practical applications for the purpose of increasing hydroperoxide yield, 
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In considering the minetic and catalytic currents occurring in polarography, it is necessary to take into ac- 
count the effect of the adsorption of substances taking part in chemical reactions in the preelectrode layer, which, 
generally speaking, leads to an increase in the concentration of the substances in the reaction zone, compared 
with their concentration in the bulk solution, Because of this, there will be present not only the usual kinetic or 
ieee se current, but also an additional kinetic current determined by the occurrence of the chemical reaction 


a 


Qu 


I 


-18 -20 -16 - 18 -20 
E, volts against saturat- E, volts against saturat - 
ed calomel electrode ed calomel electrode 
Fig, 1, Catalytic hydrogen waves produced by quin- 
ine in 0.1 N borax solution, The concentrations of 
quinine, C (in units of 1074 M) are: 1) 0( base 
solution); yO 0.34; 3) 0.50; 4) 0.79; 5) 0.93; 6) 1.04; 
7) 1.2; 8) 1.4; 9) 1.6; 10) 1.8; 11) 2.0. 


in that volume of solution lying close to the elec- 
trode, and produced by the participation in this re- 
action of the adsorbed substance. The kinetic cur- 
rent, which is actually observed will evidently be 
the sum of the current due to the “volume,” and 
that due to the "surface" process, Any calcula- 
tion of the rate constants of these chemical reac- 
tions from experimental data on the basis of equa- 
tions for volume processes, which fails to take in- 
to account the adsorption factor, will lead to ap- 
preciable overestimation of their values, 


In this paper we have considered the catal- 
ytic waves for hydrogen produced by quinine, and 
have shown the effect of the adsorption of the 
catalyst on the value of the catalytic current and 
on the form of the wave, The experimental data 
which we produce have been obtained on a polaro- 
gtaph of the type TsLA “Energochermeta" [1], at 
2540,1°C, using a capillary dropping electrode with 
a forced drop breakaway [2]. The capillary char- 
acteristics were; m = 1,52 mg/sec, t = 0,24 sec, 


The catalyst which produces the catalytic 
waves exists in two forms in the solution; (a) the 
cationic or acidic, which is electrochemically ac- 
tive; and (b) the basic, which does not take part 


directly in the electrode process [3], The two forms exist in protolytic equilibrium, and the ratio between their 
concentrations is determined by the ionization constant of the catalyst and the pH of the medium, 
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Fig. 2, Change in the catalytic 
wave for constant C nin of 3.6° 


when the surface-active 
concentration C A (in units 
of 10%? M) is: 1)0; 2) 0.92; 

3) 1.82; 4) 2.16; 5) 3.34; 6) 4.62; 
1) 6.72; 8) 7.9; 9)10.0; 10) re- 
presents the base solution only: 
0,1 N borax, 


The cations of the catalyst in solution, and in the adsorbed state, ought 
in general to be distinguished from each other according to their depolariz- 
ing properties [4], so that for the case of surface-active catalysts one would 
expect that in certain conditions the waves would show two steps, correspond- 
ing to the discharge of the adsorbed and the nonadsorbed particles, Actually, 
using a base solution of 0.1 N borax solution, a discontinuity arises in the 
wave at a concentration of quinine, Cgyin, of about 4- 107 M,* while in- 
crease in Cqyjn leads to the development of 1 dealt peaks(Fig. 1). 


The bifurcation of the quinine catalytic wave is also observed when a 
surface-active substance — tetraethylammonium benzosulfonate (BSTEA) — 
is added to the solution, At comparatively low concentrations of BSTEA in 
the solution, the lower part of the catalytic wave is shifted somewhat toward 
a more negative potential, and its steepness increases sharply; increase in 
the concentration of the BSTEA while the value of Cqyin is kept constant and 
the pH of solution maintained unchanged, leads to a reduction ja the general 
level of the curve and to its bifurcation (Fig. 2). The lower, steeper part of 
the step is somewhatreduced in height with increase in the concentration of 
the additive, CgsTEA, but its half-wave potential is practically unchanged, 
while the upper and longer section is abruptly diminished, and shifted con- 
siderably towards more negative potentials, The lower wave corresponds to 
discharge of the cations contained in the bulk solution, This "bulk" wave 
has an inverse character [3, 5]. The upper, extended wave with its charac- 
teristic maximum is due to the irreversible discharge of cations formed from 
the adsorbed catalyst (the “surface” wave), 


For increase in the value of CEsTEA above 0,.07N, the bulk wave also 
begins to diminish because of the retaraation ot the electrode process [6]. 
It becomes less steep and is shifted towards more negative potentials, At 
such high values of Casta the "surface" wave vanishes completely. 


It should be noted that the volume wave, in the absence of BSTEA, 
becomes more negative with increase in Cqyjn (Fig. 1): that is, the revers- 
ible discharge seems to be retarded by the adsorbed quinine,** But a com- 


parison of the reversible and irreversible waves which have about the same limiting currents shows that the reversible 
("volume") wave, which is distinguished from the usual catalytic curve by the effect of the BSTEA, is situated at 
less negative potentials than the irreversible one [5]. 


The bifurcation of the catalytic waves of water is only found rather rarely, Before this can happen, it appears 
to be essential that the heights of the "surface" and "volume" waves shall be comparable, and that the position of 
E,, for the latter shall lie within a definite narrow interval close to the maximum of the “surface” wave, A di- 
agram representing the formation of such "dual" characteristic waves is given in Fig, 3. 


As a rule, such division of the catalytic waves is not found, and the observed waves are simply made up of 


the sum of the volume and surface currents, 


For the catalytic currents near to the limiting value — that is, when the reverse chemical reaction hardly oc- 
curs at all [3]— which will result in the disappearance of the cationic form of the catalyst, we may write: 


surf F [DH*]s +{ s Fk, [DH"]s, (1) 


* Translators note: Figure 1 does not seem to bear out the quoted figure, The discontinuity seems to arise first 

in curve 4 at a stated concentration of 0.79°10-4 M, and the maximum concentration used is stated to be 2-10 4m, 
** Translator's note: Again it is hard to see the justification for this statement. In Fig. 1, according to its legend, 
increased values of Cgyjn are represented by the higher index numbers on the curves, and the higher the number, 


the less negative is the position of the curve, 


Fig. 3, Diagram of the formation of two peaks in a cata- 
lytic wave, a) Reversible ("volume"); b)"adsorption"; 

c) sum of the two waves, Ey "°Y— Eyjax' for the curves 
are respectively: 1) +30; 2)—30; 3)—55; 4)—75; 5)—80; 
6) -95 mv. 


where s is the area of the electrode surface; F is the faraday; (DH*)s and C are the concentrations at the surface 
of the electrode of proton donor and catalyst,respectively (on the assumption that the equilibrium in the bulk is 
strongly weighted in the direction of the basic or unreactive form of this); p, is the thickness of the reaction layer 
in which the prior volume reaction takes place [7, 8, 3}; k, and k', are the rate constants for the combination of 
proton and catalyst in the solution and in the adsorbed state, respectively; TF is the quantity of adsorbed catalyst, 
The volume catalytic current — the first term in Eq,(1) as given[3] on the basis of the concept of the reaction layer 
[7, 3] but for the case now under consideration an exact calculation leads to almost exactly the same relationship 
(Eq.( 49) in reference [9]). 


For the second catalytic wave of quinine (catalysis by the nitrogen of the quinuclidine nucleus) in 0,1 N 
borax solution, the experimental data give: iyo)/ Cgyin = 43 wa/mM*. 


Using the value of D = 5.4° 10S cm’/ sec as the diffusion coefficient of quinine for the calculation of py, 
the value being obtained from the diffusion current corresponding to its reduction [10], and as the other values: 
Smean = 2.5- 1078 cm, (OH”) = 1,7°10°5, and the ionization constant of quinine K = 1.1°10°°, assuming that 
(DH*) = (H,O) , the value of k, found from Eq. (1) is 1.6- 10° (mole/ liter)”*, 


If we assume that the rate constants of the reaction of the catalyst present in the body of the solution and 
in the adsorbed condition with the water molecules are nearly the same, that is, if k, sk",, then from the value 
of the maximum current for the ordinary catalytic wave (6.2 a) when Coyjn is 3.6- 107° M, it is possible to cal- 
culate the value of in Eq. (1) as 2,1°10 mole/ cm’, The value of corresponding to the 
saturation of the electrode surface is 4.4°107?° [11], while the value of Typ found from the maximum height of 
the adsorption prewave by Brdicka [12] from the diffusion wave of the sedmetion of quinine is 1.8-107'° mole/ cm’, 
Taking the value of [gp as 4.4-107", we find that the degree of saturation of the esas under the conditions 
mentioned (E = 1.91 v relative to the saturated calomel electrode, and Cqyin = 3.6° 10° M) is given by 8 opt = 
T/L, =0.0018. Thus, the degree of saturation of the surface is only about 0.2%, The adsorption process under 
consideration takes place, evidently, at considerably higher negative potentials than the "desorption peak", and 
corresponds, as A, N, Frumkin [13] has shown, to the maximum value of 00/0 E, 


It has been shown by means of special experiments that the adsorption of the product of the reduction of 
quinine (on the basis of the isoquinoline nucleus [10]) — that is, the product which is responsible for the catalytic 
wave under consideration — obeys the S-shaped adsorption isotherm proposed by A. N, Frumkin [14]. In this case, 
however, the size of the attractive factor is small, so that the Frumkin adsorption isotherm should be replaced by 
that of Langmuir: 


= 
0, @) 


where 6, and fe are equilibrium values; and for the further calculation the results of the work of Delahay and 
Fike may be used [15]. 


* Translator's note; The significance of the denominator is not given, but apparently refers to concentration in 
millimoles per liter, 
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Fig. 4. Catalytic wave when Cqyjn= 
1,4°10 “M for various heights of the 
mercury column, cm); 1) 100; 


2) 90; 3) 80; 4) 70 


(approximate figures), 


for the kinetic and catalytic waves [5, 19]. 


) 60; 6) 50; 7)40 


If we first assume that adsorption equilibrium is attained at 
the surface of the drop, that is, that y'= T/T, 1, Eq. (2) then 
gives: 8' = 0.05 mmole’, and 'C (or CY a, according to the no- 
tation used in [15])=0,0018, Using this value of Fig, 4 of paper [15] 
we obtain the value: y") = F/T, =0.055, and after introducing into 
this a correction factor for the fact that the value of D/T,, is greater 
than that taken in [15] (1.25+104cm*/sec* mole), we obtain as a 
second approximation; y" = 0,069, and 6% = 9 opr/ y" =0.026, In- 
serting this value of @"¢ in Eq. (2) we obtainthe value of 6", and 

by going through the whole cycle yet again we obtain finally: 6 =0.9 
mmole ', y = 0,069 and Ge = 0,026, These data show that under 
the conditions now considered, the adsorption equilibrium only 
reaches the value of about 7% (y *0.07)*. Increase in the time of 
adsorption t should result in increase in the values of y and, conse- 
quently, [, in which case Eq, (1) would give an increased value for 
igyrf- In fact, as can be seen from Fig, 4, change in the height of 

the mercury column has a considerable effect on the adsorption 
catalytic wave, This phenomenon, and the increase imi,,,.,.may 

serve to explain also the growth of the wave with increase in the 

time t during catalysis by pyridine [16, 3] and other substances [17]. 


The magnitude 6, as Frumkin has shown [18], diminishes rapid- 
ly with increase in the cathode potential, and therefore for many 
substances, whose catalytic waves are found at lower cathode poten- 
tials than the second wave for quinine, we should expect consider- 
ably higher values of 6, and therefore [15] of y andr, while for 
the waves of these substances the values of i,,,,¢ ought to exceed the 
value of i.) by several orders, If, in such a casey ~ 1, the catalytic 
waves would not depend on the height of the mercury column, 


It should be added that the change of 6 with potential seems to be the cause of the reduction of the current 


The author is grateful to Academician A, N, Frumkin for his help in the work, 
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SYNTHESIS OF SPECIFIC SILICA GELS 
BY MODIFICATION OF THEIR SURFACE 


I. E. Neimark, V. M. Chertov, R. Yu. Sheinfain, 
and N, S, Kruglikova 


L. V. Pisarzhevskii Physical Chemistry Institute, Academy of Sciences, Ukr SSR 
(Presented by Academician M, M, Dubinin, February 22, 1960) 


Translated from Doklady Akademii Nauk SSSR, Vol, 132, No. 6, p. 1356-1359, 
June, 1960 


Original article submitted February 20, 1960 


The chemical modification of the surface of hydrated silica gels and highly dispersed nonporous silica by 
replacement of the hydroxy groups with various radicals does not give them the property of selectivity, On speci- 
mens modified in this way, the adsorption of both polar and nonpolar 
mM/ g substances is lower, although to different degrees [1-7]. At the same 
time the possibility of making the adsorptive properties of silica gel 
clearly selective to different substances would greatly extend their pos- 
sible applications, 


The aim of the present study was to carry out chemical modifica- 
tion of silica gel to give it basic properties, Modification in this way 
should make possible the selective adsorption of acidic substances, which 
are weakly adsorbed on silica gel. Sorbents with basic properties can 
also find application as catalysts for dehydrogenation reactions, etc, 


a G2 46 G8 In earlier work (8, 9] selective action of silica gel was achieved 
"p by saturating the gel with aqueous solutions of ammonia and ethylene~ 
diamine, The silica gel treated in this way contained surface amino 
Fig. 1. Adsorption isotherms for 
CH,OH vapor on the original groups and was able to form coordinate bonds with elements which form 


Pig er AR) I ammines (Cu, Zn, Co, etc.), Other work [10-13] and studies in our lab- 
di oratory showed the possibility of introducing organic residues into silica 
(2) gel by esterification reactions, We suggested that by carrying out the 


esterification with alcohols containing amino groups [14], it should be 

possible to produce silica gels with basic properties, In the present work 
we have used for this purpose a series of aminoalcohols with different degrees of basic character (mono-, di- and 
triethanolamine), In all cases, according to our assumptions, the reaction between the silica gel and the amino 
alcohols should take place according to the following equations; 


—$1— OH + HO Niiy+— CH, —NHa + H,0 


| 
— Si —O — CH, — CH, 


O + NH — NH + 2H,0 


| 


= 

2 

3 

2 


HO — CH, — CH, 
O 


/ 


It is,however, necessary to take account of the possibility of steric hin- 
drance, so that probably not all hydroxy groups of the di-, and, more 
particularly, the triethanolamine undergo esterification, The equations 


given thus merely give a schematic indication of the processes taking 
place. 


HO — CH, — CH, 


The experiments on the chemical modification were carried out 
with hydrated specimens of coarsely porous silica gel, The introduc- 
tion of the amino groups was carried out in two ways; in a flask with re- 
flux condenser at a temperature of 100-160°C and in an autoclave at 
160-250° for 2-5 hr, The silica gel treated in this way was kept in a 
vacuum oven at 100-180° and 10° mm for 2-6 hr, 


The modified silica gels were analyzed for their amino alcohol 
group conent, For this purpose a weighed specimen of the material was 
treated with excess of a standard solution of hydrochloric acid, The solu- 
tion was shaken, separated from the specimen, and titrated with alkali 
Fig. 2, Adsorption isotherms using methyl red indicator, The adsorption isotherms for the original 

i specimens and for specimens containing amino groups were recorded 
for acetic acid from CCl, solu- : : 
for the vapors of methyl alcohol, diethylamine, and carbon dioxide, and 
tion on the original (1) and mod- : 
for acetic acid from solution in carbon tetrachloride, All the isotherms 
ified silica gels; 2) 1.75 meq/g 
were recorded at 20°, After the treatment of the silica gel with ethanol- 
C,H,NH, groups; 3) 1.75 meq/g 
amines and prolonged evacuation at 100-180°, the silica surface retained 
(C2H,)3N groups; 4) 3,3 meq/g 
CeH.N i 1.2-13.5 meq/g of ethanolamine, Special experiments on desorption 
neo. from the silica gels containing amino groups by evacuation at 10-° mm 
and 200° showed that 1,2-1.75 meq/g of ethanolamine are more firmly 
bound, and this quantity is undoubtly attached to the silica gel surface by chemical forces, This provides confirma- 
tion of the mechanism of the process of amino group introduction suggested by us earlier, 


0 00 200 300 400 S00mM/ liter 


Figure 1 shows the initial sections of the adsorption isotherms for methyl alcohol on the original silica gel 
specimens and on specimens containing amino groups, The figure shows that, as in the case of modification by 
other organic radicals[1-7], the introduction of amino alcohol groups into the silica gel leads to a considerable decrease 
in the magnitude of the adsorption in the initial sections of the isotherms and to a dispiacement of the relative 
pressure range corresponding to the sharprise in the central sections of the isotherms, towards higher negative 
pressures, This decrease in the adsorption is related to the decrease in the donor-acceptor reaction between the 
methyl alcohols and the modified silica gel surface, 


Figure 2 gives the adsorption isotherms for acetic acid from CCl, solutions on the original silica gel and on 
specimens containing amino groups, The figure shows that the introduction of the organic radical,containing the 
amino group, into the silica gel increases the adsorption of acetic acid. This difference in the adsorption properties 
is even more sharply defined for the specimen of high amine content (curves 2 and 4), For the same degree of 
modification, the adsorption isotherm for acetic acid on the specimen treated with triethanolamine is higher than 
that for the specimen treated with monoethanolamine (curves 2 and 3), An increase in the adsorption of carbon 
dioxide is also observed on going from the original to the modified silica gel, as can be seen from Fig. 3, 


It was considered of interest to examine how the introduction of amino groups into the silica gel affected the 
adsorption of basic substances, For this purpose, adsorption isotherms were recorded for diethylamine on the original 
specimen and for specimens containing amino groups, These isotherms are shown in Fig, 4, from which it canbe 
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Fig. 3, Adsorption isotherms for car- 
bon dioxide on the original silica gel 
(1) and on silica gel modified with 
monoethanolamine (2). 


2 2 
% 


Fig. 4. Adsorption isotherms for di- 
ethylamine vapor on the original (1) 
and modified silica gels; 2) with 
monoethanolamine; 3) with trieth- 
anolamine, Amino alcohol group 
content 1,75 meq/g. 
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seen that the adsorption of diethylamine decreases sharply on going 
from the original silica gel to the silica gel containing amino groups. 
The decrease in the adsorption is particularly marked for the speci- 
men treated with triethanolamine, 


Acetic acid is adsorbed on silica gel with the formation of hy- 
drogen bonds [15]. In the case of silica gel containing amino groups, 
the adsorption bond formed by acetic acid is much stronger, This 
also leads to an increase in the adsorption potential of the silica gel 
containing amino groups with respect to acetic acid and to an increase 
in its adsorption on going from the initial silica gel to the silica gel 
containing amino groups, The increased adsorption of carbon dioxide 
is also related to the basic properties of the specimen containing 
amino groups, Thus, in both cases, chemisorption takes place on the 
modified silica gel, The strength of the chemisorption increases with 
increase in the alkaline properties of the surface, The basic proper- 
ties increase on going from primary to tertiary aliphatic amines [16], 
This explains the fact that the adsorption isotherms for substances of 
acidic character on silica gel into which amino groups have been in- 
troduced with triethanolamine are higher than those for adsorption 
on specimens modified with monoethanolamine, 


Amino groups are not active adsorption centers for diethylamine 
which also has basic properties, so that there is a decrease in the 
adsorption of this compound on silica gel containing amino groups, 
The convex shape of the adsorption isotherms for diethylamine on 
the specimen treated with triethanolamine indicates the extremely 
weak interaction between adsorbent and adsorbate, Thus, the data 
given show that it is possible, by modification of the surface of silica 
gel with organic radicals containing definite functional groups, to 
give the material specific adsorptive properties, Replacement of 
the hydroxy groups of the silica surface by radicals containing acid 
residues probably gives an adsorbent selective towards basic substances 
and creates a nonswelling ion exchanger on the silica gel surface, 

In this way it may also be possible to create selective acid-base 
catalysts, 
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Studies of the anodic dissolution of germanium have shown that “holes” are involved in the process, At a 
sufficiently high current density in the anodic dissolution of germanium of the n-type, in which the holes are the 
minority carriers, the germanium—electrolyte boundary acts as a hole collector, and there takes place a "multi- 
plication of the current” at the collector, related to the fact that the free electrons of the semiconductor also 
take part in the reaction, In other words, the germanium atom going into solution transfers electrons to the 
valence zone (for which holes are necessary) and to the free zone simultaneously, The over-all equation for the 
reaction (in acid medium) is Ge +x@ + 3H,O-> H,GeO, +(4—x)@ + 4H*, Various authors [1-4] have given for 
the current multiplication factor a'y = 4/x (equal to the ratio of the limiting current of the anodic dissolution to 
the limiting current for the diffusion of holes from the bulk of the semiconductor to its surface) values from 1.3 to 
4.4, Attempts have been made to relate the value of «'y to various molecular reaction schemes [3, 5], The 


aim of the present work was to study the relationship between a', and the conditions for the anodic dissolution of 
germanium, 


EXPERIMENTAL PROCEDURE 


Using the method proposed by Brattain and Garrett [1] «' was measured, An electrode of electronic germa- 
nium with specific resistance 3 ohm-cm and hole diffusion length 0.7 mm was constructed in the form of a thin 
(thickness approximately 0,1 mm) disc of 8 mm diameter, on one side of which the p—n-junction was situated, 
while the other side was immersed in the solution, An annular ohmic contact was fixed in position with tin around 
the surface of the electrode, The efficiency of contact was checked by recording the volt— ampere characteris- 
tic for direct and alternating current, The electrode surface (with the exception of the section immersed in the 
electrolyte) was insulated by means of pure paraffin, The surface area of the germanium~—solution interface 
amounted to 0.25 cm?, and the area of the p—n junction amounted to 0.2 cm*, The anodic dissolution of the 
germanium was carried out at constant potential corresponding to the limiting dissolution current; a PE-312 elec- 
tronic polarograph was used as potentiostat. By means of the p—n junction, which was connected in the flow- 
through direction, holes were injected into the n-type region, and these diffused towards the germanium—solution 
interface and took part in the dissolution reaction, The increase in the anodic dissolution current AI, with change 
in the injection current [ ,was recorded automatically,* The data obtained were used to calculate the value of 
the current amplification coefficient a = d(Al,)/ dlp for our system, which can be written in the form a =Bya', 


* For greater accuracy, the quantity measured experimentally was not Alg, but the quantity Ala~I, (using a suit- 
ably arranged electrical circuit), i,e,, the increase in the electronic current through the electrode surface, 
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Fig. 1. Acceleration of the anodic dissolution of germanium 
(a) in 1 N H,SO, with change in the injection current via the 
the p—n junction, Intensity of illumination of the electrode 
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Fig. 2, Relationship between the cur- 
rent multiplication and the current via 
the p—n junction Ip. Intensity of illu- 
mination of electrode; 1) 0; 2) 3.5; 

3) 5.8; 4) 7.5. 


in arbitrary units); 1) 0; 2) 3.5; 3) 5.8; 4) 7.5. 


where y is the efficiency of the emitter (the proportion of hole 
current in the p—n junction current); 6 is the flow-through coef- 
ficient (the proportion of holes, injected by the emitter, which 
reaches the collector without undergoing recombination), and 

a' is the current multiplication coefficient at the collector (the 
increase in the reverse current at the collector for unit increase 
in the hole current), In planar triodes of analogous construction 
the efficiency of the emitter y and the flow-through coefficient 
B: are very close to unity, so that the hole injection current at 
the germanium~solution interface is equal to the flow-through 
current of the p—n junction [p, to within 2-3%, The rate of sur- 
face recombination at the germanium—aqueous solution inter- 
face is known to be small from literature data [8, 6] and our own 
indirect data, The experimentally measured quantity d(Alg)/ dlp, 
thus, practically coincides with the current multiplication coef- 
ficient a" for the anodic dissolution reaction, 


RESULTS 


Figure 1 gives the relationship between Alg—Ip, and Ip for 


the anodic dissolution of germanium in 1 N H,SO, in the dark and with illumination of different intensities E; 
Figs, 2 and 3 show the dependence of d(AlgYdIp on Ip and E, calculated from these data, The intensity of illumi- 
nation was determined from the increase in the reverse current Is of the p—n junction during illumination (with 
reverse displacement 3 v) and is given in arbitrary units Al,/ I; iia 


Figure 1 shows that at small values of Ip (Ip = 12) *, Alg is directly proportional to Ip, as already observed 
ice., d(Alg)/ dip remains constant, The current multiplication factor a'y = [d( Alg)/ hp =0 calculated from 
Curve 1 (Fig. 1) amounts to 1,6-1.7 (Fig. 2), which is in good agreement with the results of direct measurements 
made by Brattain and Garrett [1] (1.4-1.8) and close to the value 1.4 obtained by Uhlir using a less direct method 
[4] and the value 1,6-2,5 calculated from the indirect data of Gerischer and Beck [2,8] taking account of our 
earlier work[7] **. The value of a'o is independent of the germanium potential (in the range 1-3 v) and is 
the same for dissolution in 1 N H,SO, and in 1 N KOH; in 48% HF solution, a'o=1.3* . 


* Without injection, the normal limiting current of the anodic dissolution for the electrodes used 1f amounted to 


approximately 90 pa, 


** In this work (2, 8}, the injection of holes into the germanium was achieved not by a p—n junction but by the 
reduction of K,Fe(CN),, which involves the valence electrons, The ratio of Al‘, to the KsFe(CN), reduction cur- 
rent amounted to 1,3-1.7, According to our data [7], the fraction of the valence electrons in the reduction of 
K3Fe(CN), at a germanium electrode is 0,6-0.8 (and not 1, as suggested by the authors in [2, 8}), 
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the range 1-3 v) and is the same for dissolution in 1 N H,SO, and 


6 in 1 N KOH; in 48% HF solution, a", = 1,3, * 

15 With increase in Ip relative to 13, d(Al,W/ dl, decreases and 
Sy : at I, #5 Ij amounts to 1,15 and at Ip ¥ 10 If amounts to only 
= 2 1,03, Illumination of the electrode does not change the relation- 
Ni “4d ship between d(AI,)/ dlp and Ip (Fig. 2), but the absolute value 

of d(AI,)/ dlp decreases with increase in the intensity of illumina- 
wr Pals 6 tion E (Fig. 3). 

Fig. 3. Relationship between the cur- Figure 1 shows that as the injection current increases, the 
rent multiplication and the intensity qunatity AI, —I, tends toward a certain limiting value; extrapola- 
of illumination of the electrode E, Cur- tion of curves 1-4 (Fig. 1) to Ip->@ (by constructing these curves 
rent via p—n junction: 1)0; 2) 200 pa; 1 
3) 300 pa. with coordinates SPS ae ) gives a limiting value of approxi 


mately 200-250 pa (which is 2-3 times greater than 1). 


DISCUSSION OF RESULTS 


The observed relationship between the current multiplication coefficient a for the anodic dissolution of 
germanium and the hole injection current is confirmed qualitatively by recently published work by Beck and 
Gerischer [8]. According to the data obtained by these authors, the acceleration of the anodic dissolution of n- 
type germanium in 0.1 N NaOH in the presence of K,Fe(CN), depends on the concentration of the latter; with in- 
crease in this concentration and hence in the rate of reduction Ipeq of the ferricyanide, the value of Al,/1,.4 de- 
creases, In the work cited, however, no study was made of the proportion y of valence electrons in the K,Fe(CN), 
reduction current, If it is assumed that y changes little with change in the ferricyanide concentration, then the 


decrease in Al,/I.og = &'y —1 is related chiefly to the decrease in a' with increase in the rate of hole injection 
by the reduction of K,Fe(CN),. 


The derivative d(Al,)/ dl, characterizes the relationship between the electronic component I, of the total 
anodic dissolution current Ig = I'p + Ip and the hole current through the surface; d(AI,)/ dIp = 1+ d(Alp)/ dI,. Its 
decrease with increase in I, indicates that increase in the hole current at the surface of the dissolving germanium 
leads to an increase chiefly in the hole component of the dissolution current, From the experimentally measured 
value c'y = 1.65 it follows that the process of anodic dissolution (without injection) for the transfer of 1 germanium 
atom from the crystal lattice to the solution requires 2.4 holes, and 1.6 electrons are transferred to the conductiv- 
ity zone, With increase in the injection (by means of a p—n junction or illumination), the proportion of holes and 
free electron changes, and at the maximum value of Ip reached in our experiments amounts to 3,9 and 0.1, res- 
pectively, The continuous change in the macroscopic value of a" (i.e, the derivative d(Alg)/ dIp) at constant 
solution composition, potential, and other dissolution conditions (with the exception of the magnitude of the in- 
jection), obviously means that we cannot relate this quantity to any definite reaction scheme for the dissolution;we 
cannot, for example, assume that any intermediate stage takes place exclusively by a process involving holes 


(8, 5]. The process apparently takes place by two routes simultaneously (with transfer of the charge to the val- 
ence zone and free zone of the semiconductor), 


On the other hand, the increase in the absolute value of the electronic component of the dissolution cur- 
rent with increase in the hole current provides some support for the views of Dewald [9], who believes that the 
hole and electronic currents are not related to two independent routes of anodic dissolution, but are related to the 
elementary stage of the reaction, It may be assumed that the observed decrease in d(AlIy)/dI, with increase in 
the rate of dissolution is related to the fact that when high currents pass through the germanium—electrolyte 
interface, considerable recombination takes place in the three-dimensional charge layer, although the extent 
of this recombination is usually assumed to be negligible, and the number of holes taking part in the reaction 
becomes less than the injection current. In this case the microscopic value of the current multiplication coef- 
ficient «' (which is determined by the number of holes and free electrons taking part in the elementary stage of 
the reaction) differs from the experimentally measured values given above, 


I wish to express my deep gratitude to Professor B, N. Kabanov for assistance in the discussion of the results, 


* According to our data, the limiting current for the anodic dissolution of germanium in HF is 4-5 times greater 


than that in HySO, and KOH, which is possibly due to a high rate of recombination at the germanium— HF solution 
interface, 
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The few data available in the literature on the solidification of alloys at high cooling rates [1-5] show that 
in the case of crystallization from a melt, as in the case of the preparation of alloys by electrodeposition or pul- 
verization in vacuo, it is possible to obtain highly supersaturated solid solutions,* Analysis of these works shows 
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Fig. 1, Phase diagram and relationship between the a-solid solu- 
tion composition and alloy concentration for two degrees of super- 
cooling AT, (curve ALKP) and AT; (curve ALP). 


that the tendency to form highly supersaturated primary solid solutions is shown, as a rule, by systems in which 
there are intermediate phases, 


In certain papers [6-8], the possibility of obtaining lightly supersaturated solid solutions is related to crys- 
tallization without diffusion, which, in the opinion of the authors concerned, can take place in alloys at high 
cooling rates, 


The present work describes experimental studies of structure formation in alloys cooled at high speeds by 
the method described in an earlier paper [9]. In this method, drops of melt thrown from the furnace solidify in 
the form of a thin film between two copper plates moving towards one another, This method makes it possible to 


* In the present work highly supersaturated solid solutions are defined as solutions with concentrations greater than 
the maximum solubility at the eutectic (peritectic) temperature (C),). 
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Fig. 2, Two basic types of phase 
diagram with intermediate phases, 
and the relationship between the 
a-solid solution composition and 
alloy concentration in systems with 
intermediate phases, for two degrees 
of supercooling AT, (curve ALKP) 
and AT, (curve ALP), 


obtain cooling rates of ~10°deg/sec, Slight supercooling is 
achieved in the thin layer of melt in direct contact with the in- 
terface between the melt and the cooling element, The supercool- 
ing decreases slightly in layers further from this interface, This 
makes it possible to follow the characteristic features of the crys- 
tallization at different degrees of supercooling, 


The films, of thickness 0,05-0.2 mm, were studied by metal- 
lographic and x-ray diffraction methods, and also by quantitative 
analysis using the Scheele -Saltykov method, The studies were 
carried out using alloys with concentrations from C), (Fig. 1) to the 
eutectic, The composition of the primary solid solution was deter- 
mined from crystal lattice period data, and the composition of the 
alloy was found by chemical analysis of the film, The results of 
the studies can be summarized as follows, 


I, In Al—Si, Pb—Sn, and Bi-Sn melts, belonging to the group 
of binary eutectic systems which do not form intermediate phases, 
primary solid solutions are formed with concentrations less than C)y. 
Figure 1 shows the change in composition of the primary solid solu- 
tion with change in the alloy composition for two degrees of super- 
cooling AT, and AT;. Thus, increase inthe rate of cooling does not 
lead to an increase in the concentration of the primary solution, as 
should be expected from the theory of crystallization without dif- 
fusion; the concentration in fact decreases, 


II. In systems which form intermediate phases, primary solid 
solutions with concentrations slightly higher than C), may be pro-: 
duced at high cooling rates, In the Al—Mn and Al—Cr systems 
studied, substitutional solid solutions are formed, with a maximum 
solubility of Mn up to 9,8 wt.% and of Cr up to 5.5 wt %, In Ni—C 
and Co~C systems, interstitial solid solutions are formed, with maxi- 
mum solubility of carbon equal to 1.8 and 1.6%, respectively. 
Melts of this system also show a certain maximum solubility above 
which the primary solid solution is not supersaturated, and melts 
with concentrations greater than Cy crystallize to form two phases, 
The second phase in these cases is metastable; MnAl, in Al—Mn 
systems, CrpAl,, in Al—Cr systems, and Ni,C and CogC in Ni-C and 
Co-C systems, respectively, Similarly, in Fe—C melts it is not 
possible, by cooling at high speeds, to achieve a solubility of C in 
y~Fe greater than the maximum solubility at the eutectic temper- 
ature, On the contrary, the carbon content of rapidly cooled aus- 
tenite is always less than the maximum solubility at the eutectic 
temperature, 


Change in the rate of cooling over faitly wide limits causes practically no change in the maximum solubil- 
ity Cy, if we neglect the slight decrease in the maximum solubility with increase in the supercooling, which is 
similar to that observed in alloys without intermediate phases, It is possible that further increase in the rate of 
cooling for systems with several intermediate phases may again lead to an increase in the solubility as a result of 
the crystallization of a less stable intermediate phase, 


When the stable and metastable phases crystallize in the alloys simultaneously, two solid solutions are pro- 
duced; one with concentration Cy and the other with concentration C'}y, showing considerable supersaturation, 
The x-ray diagrams in these cases show two systems of lines, 


On the basis of these data, a larger number of phase diagrams with intermediate phases can be represented 
in the form of double phase diagrams with continuous (stable equilibrium) and broken (metastable equilibrium) 
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lines, Figure 2 gives diagrammatic representations of two di- 
agrams of this type. The figure also shows the relationship 
between the composition of the primary solid solution and the 
concentration for two values of the degree of supersaturation, 
When the rate of cooling of the melt is insufficient to ensure 
crystallization according to the metastable diagram, the struc- 
ture formation in the alloy will take place according to the 
stable phase diagram, and the change in composition of the 
primary solid solution with change in the alloy concentration 
will take place as shown in Fig, 1. 


A 


Fig. 3. Diagrammatic arrangement of free 
energy curves in a system with intermedi- The eutectic point for the primary solution— metastable 
ate phase, phase equilibrium is shifted towards the metastable phase, and 
its melting point decreases to a greater extent the less stable 
the intermediate phase, Thus, in Co—C melts the eutectic point is displaced to a greater extent than that in the 
Fe-—C system, and that in the Ni-C system to a greater extent than that in the Co—C system, The experimental 
data given in the present work show that in the alloy studied, the diffusion processes leading to the separation of 
a component in the liquid are able to take place even at cooling rates of ~10° deg/sec, The results obtained 
are in agreement with the fundamental assumptions of the diffusion theory of the crystallization of two-compo- 
nent systems, Crystallization of a metastable phase in the system is always associated with an increase in the 
solubility of the primary solid solution in equilibrium with this metastable phase, The less stable the intermediate 
phase produced, the greater the solubility of the primary solution, 


The separation of metastable phases is usually attributed to more favorable kinetic conditions for their 
production and to the lower value of the surface tension at the boundary of the original phase and the phase which 
is separating [10, 11]. In the case where the composition of the metastable phase is further from that of the mother 
phase than that of the stable phase, however, the change in the free energy of the system per atom of substance 
undergoing separation ( AF/ N) may be of considerable importance [12, 13], The value of AF/N for stable and 
metastable phases is shown in Fig, 3 by the sections ab and a,b,. When the difference in the concentrations of 
stable and metastable phases is high and the mother phase is highly supersaturated, AF/N for the metastable phase 
may prove to be greater than that for the stable phase (a,b, >ab), In this case the conditions for the crystallization 
of the metastable phase will be thermodynamically more favorable, When the separation process is complete, 
however, the free energy of the system will be greater than that for the case where the stable phase separates, 
since the quantity of metastable phase for the system under study is always less than that of the stable phase, 
Further decrease in the free energy of the system is associated with the formation of stable phase by breakdown 
of the metastable phase, which will be kinetically unfavorable under conditions of high cooling rates, 
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The phenomenon of the increase in oxygen overvoltage n with time t at i = const at a Ni anode has not 
yet been quantitatively explained, We have suggested [1, 2] that the increase in n, which is produced at high 
values of i by retardation of the discharge of OH'~ions [1, 3], is due to the fact that n on NiO, (NiO, [4]),whose 


Current Density,amp/ cm? ae 


0.4 0,3 

6,94 -10-] 632 |2,3-40-4|7,9- 10-2] 690 |2,7-10-4] 0,158 | 750 4,37 | 794 


660 


1,0-10-*\7,0- 10-2} 696 


Note. a= Ke/K, + Ky/Ksz, b (hr = Ky + Kp Ky 


concentration in the surface solid solution NigO, + NigO, gradually increases, is greater than n on Ni,O, (the anode 
under consideration is completely covered with Ni,O, even at t= 0), The assumption that n on Ni,Q, is greater 
than n on Ni,O, is to some extent confirmed by work [5] which has shown that n on Ni,Os is greater than n on 
NiO, 

In order to check these views quantitatively, we have used experimental data for the relationship between 
n and t at i = const from [1] and [6] (Fig. 1, 6-7.5 N KOH), The results from [6] for small values of t and 18° 
gave an n—t curve of anomalous shape, possibly due to the nonstationary surface area of the anode [1] or to in- 
complete covering of the surface with Ni,O,, These data were rejected and (n), _ 9 found by extrapolation (Fig. 1). 


At high values of i, the evolution of O, by the formation and decomposition of NiO, should be insignificant 
compared with the other process taking place in parallel [2), for example 


20H — H,O + O. (1) 
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Fig. 1. Relationship between g andt. The calculated data 
are given by points and the experimental data by lines, 
1) 0.38 amp/cm?, 25° [1} 2) 0.1 amp/cm?, 18° [6} 3)0.05 
amp/cm*, 18° [6} 4) 0.3 amp/ cm? 80° 5) 0.1 amp/cm?, 
60° [6}; 6) 0,01 amp/cm?, 18° [6}. 

Taking account of this, the kinetics of the accumulation of NiO, 

NigO3 20H =>, NieO, H,0 
with simultaneous decomposition of NiO, 


Ni,O3 + O 
may be given by the expression 
ar = — (4) 
where S is the fraction of anode surface occupied by NiO, (the molar surfaces of NigO, and Ni,O, are assumed to 


be of similar magnitude); K, = K*,[OHF; and K*, and Kg are the rate constants of processes (2) and (3), respect- 
ively, 


According to the retarded discharge theory [7], taking account of the discharge of OH'-ions at the surface 
of the NiO, + Ni,O, solid solution ([OH'] = const): 


i= K,(1 — + KS exp (5) 


From (4) and (5) (for t = 0, S = 0), assuming Kg » K,, we obtain: 


Equation (6) shows good agreement with experimental results (Fig. 1) for the values of the constants given 
in Table 1, and with the condition that 


in KiKs (7) 


(Mimo = Ini — 
Since ( K2/K, + Ky/K3) « 1 (the table) and Ks » Ky, then K,>> Ky, This is confirmed by expression (7), 
which, when t = 0 and S = 0, should become 
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(nemo = ini — tn Ke, 8) 
which is possible when K, » Kg. 


The relationship found between(n), _ = 0 and logit 
Ur is a straight line with gradient (2RT/ F) - 2, 3 (Fig. 2), 
which shows good agreement with (8). 


Thus, Eq. (6) becomes 


= (mimo — in[( +R) 


a7 J Ea At low values of t, taking account of the values 
4-2 of Ky and K, + K,/ Kg) (the table), we can convert 
a6t- * Eq. (9) to a linear relationship between n and t: 
L l 
-J 0 


log i (amp/ cm!) n= + K,t, (10) 


Fig. 2, DRelationship between ¢,,,,,, and log i which shows good agreement with experiment (Fig. 1). 
(a) from data in [2], b) from data in [9};2)re- 
lationship between log kj and logi; 3) relation- 


ship between ¢ = g and log i. (nestab): 


As t increases, n tends toward its established value 


Nest = (N)r=0 — 


which also agrees with experiment (Fig. 1). 


As can be seen from the table, K, is dependent on i, which is apparently related to a certain retardation at 
other stages of the process (change in [OH]), much smaller than that at the stage involving the discharge of OH'- 
ions, A similar picture has been observed [8] in a study of n at a Pb anode, 


Since at constant temperature K, increases with increase in i (the table), we can expect that at high values 
of i, Ky/ Ky>> K,/ Ky, while at small values of 4, K,/K, « K,/K;. From this we have, athigh values of i, taking 
account of (8): 


2RT 


tig 


In Ka, (12) 


and at small values of i 


If we take account of the fact that K; = K*, 1) (Fig. 2) and use (13), we obtain: 


mest = 2655 787 tn i — 287 tn Ky — in Ke + ki. (14) 


Equation (12) agrees with experiment even when i>0,.1 amp/ cm*, This is the upper linear region (Fig. 2) 


of the relationship between nestab and logi, with slope ~(2RT/ F)* 2.3 [2, 9, 10}, The presence of this region, 
which in accordance with (12) corresponds to the complete covering of the anode by’ NigO,, was also confirmed 
in [11]. 


Equations(13) and (14) are confirmed at smaller values of i (i< 0.01-0,02 amp/ cm®, but not below 107° 
amp/cm?, when the mechanism of the production of n changes [2)) in the region of the steep section of the curve 
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giving the relationship between negrap and logi [2, 10], which is a straight line with gradient 0,320 (Fig. 2); this 
is close to the theoretical value 0,303[ Eq. (14)]. From (5) and (18) it follows that in this region the process of 
OH’-ion discharge takes place chiefly on NigO3. Each value of nestab Corresponds to a definite value of S, As 
the surface concentration of Ni,O, increases (with increase in i) the process also takes place on Ni,O,. 


Using (14) and the experimental relationships between nestab and logi [2], ny = 9 and logi. and K, and i, 
we have calculated that K, = 11075 hr~! at 25°, i.e., as expected, K, > Ky. Approximately the same value for 
Ky was obtained from the relationship between n and t, This low value for Kg does not support the suggestion [4] 
that the process (3) is the controlling process even at very low values of t, since in this case the calculation gives 
an unreal, high Ni,Q, concentration (for example, at i =10~° amp/ [Ni,0,] = 1.1+ 10% molecule/ cm), 


The assumption regarding the process 


2 NiO, 2 Ni,O, O, (15) 


however, is not supported by the relationship between n and . 


Using the relationship between nestab and log i (fori> 0.1 amp/cm?) and the relationship between =0 
and logi, we have calculated that K,/ Ky = 1.7° 1074, which shows exceptionally good agreement with the value 
of K,/ Kg obtained from the relationship between y and t (the table), 


The table shows that K, decreases with increase in temperature. This is a result of the predominating influ- 
ence of temperature on the decrease in the surface concentration of OH radicals compared with the simultaneous 
increase in 


In conclusion we would point out that Eq. (5), again with the condition that Kg > K,, has already been used 
[12] to describe the relationship between n and t for a Pt anode, The kinetics of the accumulation of oxide in [12] 
are not, however, given by the same relationship as in our case, so that a quite different relationship between n 
and t is obtained in (12). 
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A large number of works have been devoted to the influence of the hydrogen bond on the vibrational spectra 


of molecules, The results obtained in this field characterize the manifestation of the hydrogen bond in the funda- 


mental electronic state, The quantum-mechanical treatment of the triatomic model A— H. . *#* without # -elec- 
trons, given by N, D. Sokolov [1], shows that the nature of the H-bond in these systems is for the most part deter- 
mined by the acceptor—donor interaction, and in this case account is taken of the use of the s-orbital of the hy- 
drogen atom by the "unshared" electron pair of the donor atom, The energy of the hydrogen bond (E) in the sys- 
tem A—H.. 3B. is made up of the energy of the acceptor—donor interaction EF a(s) and the dipole interaction Eq, 


i.e, E = Ey + E,(s). In order to explain the characteristic features of the manifestation of the hydrogen bond in 
the vibrational spectra of molecules with r-electrons (the considerable displacement and blurring of the bands 


0=C C—O}, 
C—O 


Fig. 1, Electronic model 
of the ring with H-bond 
in a-hydroxyanthraqui- 
nore, The points denote 
the electrons taking part 
in the formation of the 
ring with m-electron in- 
teraction, in which the 
p* -orbital of the H atom 
is used, 


of the X-H.. .groups, the changes in their intensities, the coplanarity effect, 
etc,), however, it has been necessary to take account of new factors determining 
the nature of the bond, In earlier works [2-4] it has been shown that the charac- 
teristic features of the manifestation of the hydrogen bond (as in the case of a 
metal—element bond) can be understood only if account is taken of 7 -electron 
interaction in the formation of the H-bond, The mechanism by which the elec- 
trons of the X-H . . . group (whose electron shell is deformed in the o > m direc- 
tion) take part in the m-electron interaction of the molecule is apparently not 
standard, and depends on the particular features of the structure of the molecular 
system, The characteristic features of the H-bond in systems with w-electrons 
was explained in earlier works [2-4] by the fact that its formation involves the 
direct participation of a modified p-orbital of the hydrogen atom (in the case of 
a metal—element bond.a p- or d-orbital of the meta! atom), which is used by 
the m-electrons of the C=O group (Fig. 1), In the case under consideration, an 
additional (quasiaromatic) ring is produced with m-electron interaction involving 
6 electrons of the system, Thus, the H-bond (and the metal—element bond), in 
the general case, is made up of three types of interaction; Ey, Eg (s) and the m- 
electron interaction Em (p) involving a p-orbital of the hydrogen atom, i.e., E = 
= Eq + Ea(s) + Eq(p). The model of the H-bond which takes account of the par- 
ticipation of the modified p-orbital of the hydrogen atom explains (albeit quan- 


titatively) all the features of its manifestation in the vibrational and electronic spectra of the molecules, In com- 


pounds of the type exemplified by the enol form of acetylacetone, tropolone, a-hydroxyanthraquinone, etc,, the 
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Fig. 2. Spectra of luminescence of anthraquinone and its a-derivatives at 77°K with 
heptane; 1) anthraquinone; 2) a-methyl anthraquinone; 3) a-phenylanthraquinone; 
4) a-methoxyanthraquinone; 5) a-hydroxyquinone, 


fraction of the total energy of the H-bond due to the m-electron interaction reaches almost 90% [3, 4]. Without 
this foundation, it is apparently impossible to study the influence of the hydrogen and metal—element bonds on the 
electronic absorption and emission spectra of molecules with m-electrons, The influence of the hydrogen and 
metal—element bonds on the electronic spectra of molecules has been considered by A. N, Terenin [5]. The hy- 
drogen bond produces a considerable displacement of the absorption bands of the electronic spectra towards the 
red range, For example, the absorption band for a-hydroxyanthraquinone is displaced by 45 my into the long- 
wave region compared with the corresponding band for a-methoxyanthraquinone (the table), As a result of the 
formation of intermolecular hydrogen bonds, the absorption bands for indigo in the crystalline state are displaced 
into the red range by 100 mp, compared with those in the spectra of the vapor [6], The reason for the displace- 
ment of an absorption band in the electronic spectrum towards longer wavelengths is that the H-bond, when part 
of a conjugated system of bonds, brings about a significant change in the m-electron interaction throughout the 
whole molecule and leads to a change in the position of the energy levels of the system. As a result of the fact 
that m-electrons take part in the formation of the H-bond, an additional ring is produced, with m-electron inter- 
action, which is equivalent to a lengthening of the chain of conjugated bonds or to an increase in the breadth of 
the "potential box}'so that we should observe a shift in the absorption band in the electronic spectratowards the 


h 
red range, according to the equation ny, n 41 = ery | (2N + 1), where L is the breadth of the potential box and 


N is the number of atoms in the conjugated chain [7]. To make a more complete study ofthe influence of the 
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H-bond on the absorption and emission spectra of molecules with m-electrons, 
rE 'r however, it is necessary to find out what takes place when the hydrogen bond is 
excited, For this purpose we shall examine the most typical case of a coplanar 
system with m~electron interaction in which a C=O group takes part in the forma- 
tion of an H-bond and “is responsible” for the electronic excitation, An example 
of such a system is a-hydroxyanthraquinone (Fig. 1), The study of the electronic— 


= Ly vibrational spectra of anthraquinone and some of its derivatives in frozen solutions 
«= at T = 77°K has ,in fact shown that the corresponding components of the intense 
bands lie at an average distance of 1664 cm™! from one another, which character- 
izes the valence vibration of the C =O group in the fundamental electronic state 
60 [8]. From these data it follows that the C =O group is largely responsible for the 
v4 | et position of the electron level of the molecules of anthraquinone and its derivatives 


in the excited state. When the molecule is excited as a result of n-> m* transi- 
tion (with subsequent transfer of the molecule to the triplet state), the m-bond of 
the C=O groups is weakened considerably. This is shown by an analysis of the 
electronic vibrational spectra for anthraquinone and some of its derivatives, 

The distribution of the band intensities in the spectrum can be explained, in ac- 
cordance with the Frank—Condon principle, by the increase in the equilibrium internuclear distance (in the C=O 
group) for the excited electron level, On the other hand, in a-hydroxyanthraquinone, the probability that the elec- 
tron pair of the hydroxyl group O—H, . . will take part in the m-electron interaction in the system also increases, 
Thus, at the moment when the molecule absorbs a light quantum, a change takes place in its structure (the electron 
density distribution, internuclear distance and angles), which may lead to an increase in the stability of the ring 
with the H-bond (Fig, 1). In the excited state of the molecule, the participation of the p-orbital of the hydrogen 
atom in (O—H, , .O =C) in the m-electron interaction in the system apparently becomes even more probable, and 
much more efficient [8]. In this connection the proportion of electronic energy and the rate of its conversion to 
vibrational energy, together with the probability of redistribution of the latter throughout the vibrational sublevels 
will be increased, The lifetime of each excited vibration will therefore be reduced, and this may lead to blurring 


of the fine vibrational structure in the luminescence spectra of the compounds containing the H-bond (since TAE = 
eh), 


Fig. 3, Diagram showing 
possible electron levels. 


The luminescence spectra of a-hydroxy derivatives of anthraquinone (1-hydroxy, and 1,4- and 1,5~-di- 
hydroxy) do not in fact have a fine vibrational structure [8]. These spectra (Fig, 2) are displaced con- 
siderably toward the red range and appear as rather indistinct bands, The blurring of these bands is directly related 
to the state of the carbonyl group, which is directly involved in the formation of the H-bond, whereas the lumin- 
escence spectra of a-derivatives of anthraquinone (a-methyl-, a-methoxy- and o-phenylanthraquinone) which 
do not contain H-bonds have a fine vibrational structure (Fig. 2 and the table), The formation of the H-bond in 
the a -hydroxyanthraquinone molecule has such an marked effect on the whole system that the manifestation of 
the fine vibrational structure as a result of the second carbonyl group becomes impossible. 


In the infrared absorption spectra, the valence vibration bands of the O—-H, . . and C = O groups are dis- 
placed into the long-wave region and are indistinct, There thus exists a parallelism in the manifestations of the 
H-bond in the electronic and vibrational spectra (the table), 


Comparison of the absorption and emission spectra of compounds with and without an H-bond shows that 
the extent of the displacement of corresponding bands in the absorption spectra is much less than that in the em- 
ission spectra, For example, the displacement Ad for a-hydroxyanthraquinone compared with a-methoxyanthra- 
quinone is 34 my in the absorption spectra and 97 muy in the emission (the table), The electronic emission spectra 
for the vapor of anthraquinone derivatives were first studied in A, N, Terenin's laboratory [9], The value of the 
"Stokes" displacement for compounds with an H-bond is much greater than that for compounds without an H-bond 
{10}. The emission bands are less distinct than the absorption bands, These features which have been observed 
in the absorption and emission spectra are most characteristic of molecules in which the ring with the H-bond is 
coplanar with the m~electron system of the molecule, These facts can obviously only be explained by the fact 
that the change in the structure of the molecule and in its electronic state, which starts at the moment when the 
energy quantum hy» is absorbed, is complete in the system only when it has emitted a light quantum hv;, 


It may be assumed that in systems with a hydrogen bond (or metal—element bond), the excited electron 
level of the system (‘Tr *p) produced at the moment of absorption of the energy quantum, and the electron level 
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Anthraquinone Fine vibrational structure 


a-Methylanthraquinone Fine vibrational structure 
a-Phenylanthraquinone Fine vibrational structure 
a- Methoxyanthraquinone 
Fine vibrational structure 
a-Hydroxyanthraquinone Very indistinct band Very indistinct band 
with maximum 
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* v-vapor; s—solution, 


at which the molecule starts to emit energy (‘r* j)» are not identical, An increase in the stability of the ring 
with the hydrogen bond (or metal—element bond) in the excited molecule leads to a lowering of its electron lev- 
el, and this is illustrated diagrammatically in Fig, 3, A characteristic photochemical process takes place, with 

a change in the structure of the molecule, and the possibility that the proton is transferred from one oxygen atom to 
another is not excluded, In molecules with a symmetrical structure (the enol form of acetylacetone, tropolone, 
etc,), in the excited state, movement of the hydrogen atom from one potential valley to another is possible, The 
potential barrier which the hydrogen atom has,classically, to overcome on going from one valley to another should 
be lowered as a result of the similarity and equivalence of the potential valleys [11]. This problem requires spe- 
cial study, however, In the case under consideration, the movement of electrons is not independent of the move- 
ment of the nuclei, and changes not involving emission take place with conversion of part of the electronic energy 
to vibrational energy of the nuclei, Under these conditions, Levshin's law of mirror symmetry should not be strictly 
obeyed [12]. This is confirmed by experiment, In molecules analogous to those under consideration, the law of 
mirror symmetry is not in fact obeyed [10]. The problem of the relationship between the luminescence and ab- 
sorption spectra has been dealt with in a number of works [14, 15], 


All that has been said for an intramolecular bond applies with the condition that the coplanarity factor is 
fulfilled. In the case of the H— N-H, . .O==C — or H-N—-H, . .N=N-, etc. groups, for which the coplanarity 
condition is not completely fulfilled, therefore, these phenomena may not be observed. In these systems it is 
possible that the H-bond does not become stronger on excitation but is weakened or even broken, as a result of 
the breakdown of the acceptor—donor interaction and the impossibility of participation of the N—H group in the 
m-electron interaction, 


Intensification of the interaction on excitation is also possible in bridges with an H-bond, formed between 
molecules with m-electrons, as in the case of 8 -hydroxyanthraquinone, for example [8]. This type of phenomenon 
was detected from the fluorescence spectra by A. N, Terenin and A, V, Shablya using 9-(p-hydroxy)-phenylacri- 

‘\ 
dine[13}], Whenthe bridge C--O—H ... N isexcited, the hydrogen atom proves to be more strongly bound 


43,7 
to the nitrogen atom C--QO...H ...N_ asa result of the intensification of the acceptor—donor inter- 
action and, more particularly, of the m-electron interaction, Here again account must be taken of the increase 
in the stability of the molecule giving up the proton, as a result of the delocalization of the electron (the negative 
charge) in the system. In other words, the dissociation constant of the system Ar— OHS[Ar—O] + Ht should in- 
crease on excitation, but this limiting process is possible only under definite conditions, 


The phenomenon of intensification of the interaction in H-bond bridges on excitation evidently plays an im- 
portant part in processes of energy migration, which is of considerable interest in high-molecular compounds (poly- 
amides, proteins, etc,), and also in the study of problems related to the removal and transfer of a proton in excited 
systems, 
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Thus, the study of the hydrogen bond in the excited state is of considerable importance for the examination 
of the nature of the hydrogen bond and the study of a number of other phenomena, 
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The dipole moments of aliphatic polynitro compounds incorporating carbon-halogen bonds are of interest 
in elucidating the problem of how the repetition of nitro groups affects polarity and how this effect is reflected 
in the chemical properties, 


To this end we measured the dipole moments of eight compounds at 25° in benzene by the heterodyne meth- 
od, All these compounds were synthesized by ourselves and obtained in a chemically pure form, Electron polari- 
zation in some cases was obtained by experiment while in others it was calculated from bond refractivities, From 
experimental data for the refraction of the C—NO, group a value of 7,65 cm® has been obtained for the cases 
where three nitro: groups are located on one carbon atom and 7,5 cm® where one carbon is linked with two nitro 
groups, The atomic polarization of each nitro group was estimated as 2cm* The Hedestrand formulas were used 
to calculate dipole moments, 


The chemical formulas, the range of measured concentrations in mole fraction, the total polarization, the 
sum of electronic and atomic polarizations and the dipole moments in debye units are presented in that order in 
the table, 


Let us compare the dipole moments of C—Cl, C—Br, and CI bonds in compounds of the CHjHal and 
CHal(NOg), types. 


If the value of 0,31, as suggested recently for the case of sp®* hybridization (with a positive charge directed 
toward the hydrogen) [1], is taken provisionally for the moment of the C—H bond, then from the dipole moment 
for CHCl in benzene solution of 1.86; for CH,Br of 1,82 and for CHgl of 1,48 debye units, we obtain the value of 
1,55 for the moment of the C—Cl bond 1,55; for C—Br, 1.51; C—I, 1,17 debye units, 


Increase in the number of halogen atoms on a carbon causes a decrease in the bond moment, Using the 
same assumption regarding the C—H bond, from experimental value 1,2 for the moment for CHCl,; for CHBrg, 
1,06 and for CHI3, 0.95 debye units, we obtain for the C-Cl, C—Br, and CI bonds the values 0,89, 0,75, and 
0.64 debye units, respectively, 


From the dipole moment of nitromethane in benzene of 3,15 we obtain for the C-NO, moment the value 
2.84 debye units, The moment of nitroform, known from published data, and also from our own measurements, 
is equal to 2.71, giving 2,4 for the C~NO, bond, Using this value and the following moments determined by us; 
CCK(NOg)3 2.17, CBr(NOg)3 2.56 and CI(NO,)3 3,79, we find that in these compounds the moments of the carbon - 
halogen bond are equal to; C—Cl 0,23 (with the negative charge towards the chlorine), C—Br 0,15 (with the posi- 
tive charge towards bromine) and C—I 1,39 debye units (with the positive charge on the iodine), In comparison 
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with compounds of the CHgHal type the moment of the 
Formula Poo fel + x 19% C-—Cl bond has changed by 1,32, of the C—Br bond by 


Flat 1.66 and of the C~I bond by 2.56. 

0,003—0 ,006 Consequently, in the halotrinitromethanes there 
43. exists a slight negative charge in the case of chlorine, 

CH 3C(NOg)s 0 ,002—0,007 | 243,8 aoe 3,17 a weak positive charge in the case of bromine, while 
CHsCH(NO2) 0,005—0,01 | 276,8)2 3,47 
CHICBI(NOd)s 0,003—0,015 | 254,6/34,7 | 3,26 iodine has an appreciable positive charge, The theor 
CHsCCI(NOg)2 | 0,004—0, 008 | 226,41 | 31,85] 3,06 etical side of the matter lies, of course, not in the ab- 
CHsCHBr(NOg) |0,006—0,014] 206 | 26,9 12,94 solute quantitative values but in the fact that the increase 


in the dipole moment of the molecule from CCl(NOg)s 
to CBr(NOg), and to CI(NOg), (the moment of which is 1,08 debye units greater than that of nitroform) indicates 
that in the C—I bond iodine is the positive end of the dipole, Independently of the accuracy of the quantitative 
equations (one value for the C—H bond was taken as a provisional value for all the halogen derivatives of methane) 
it is apparent that electropositivityincreases rapidly in the halotrinitromethane series from chlorine to iodine, 
This is associated with the fact that in the presence of three nitro groups on one carbon the interaction between 
iodine and carbon does not end with the formation of the usual two-electron linkage in a partially ionized state 


2-7, Apparently, the iodine acts here partly as a donor on account of its unshared pair of p-electrons, the dis- 
placement of electrons from iodine to carbon causing a further electron shift and a partial transition from a nitro 


fe) 

group to a nitrite goup nZ 
fe) 


The characteristic polarization of the carbon—halogen bond in halotrinitromethanes is the cause of the spe- 
cific chemical properties of these compounds, for example, the readiness with which they hydrolyze to form hy- 
pohalous acids [2], oxidize hydrazine [3] or potassium iodide [4], and are rapidly reduced at a mercury electrode 
[5]. The ease of these reactions increaseswith the transition from chlorotrinitromethane to bromotrinitromethane, 
and, especially, to iodotrinitromethane (for example, the hydrolysis constants of the stated compounds are 8+ 107!”, 
3°10°", and 4+ 107" [2], respectively], The electropositivity of the halogen in halotrinitromethanes increases in 
the same order, as indicated by their dipole moments, 


If the value of 2,4 debye units is taken for the dipole moment of the C(NOg)s group and this value is applied 
to the CHsC(NOg), molecule (3,17 debye units), then a value of 0,77 debye units is obtained for the moment of the 
CHg - C group, Consequently with the three adjoining nitro groups the electropositivity of the methyl group is in- 
creased and the acidic properties of its hydrogen atoms are enhanced, a fact which is in good agreement with the 
chemical behavior of 1,1,1,-trinitroethane, which readily loses the elements of nitrous acid to form 1,1-dinitro- 
ethylene [6]. 


Taking the stated values for the moments of C-CHg, C—H, and C-NOz, it is possible to calculate the re- 
sultant dipole moments of a series of gem-dinitro compounds, Thus, for CHyCH(NOg), calculation gives 3,38 de- 
bye units instead of the experimental value of 3,47 debye units; for CHyCCl(NOg), the calculated value is 3,15, 
while the experimental value is 3,06 debye units; for the CHgCBr(NO,), molecule we obtain by calculation 3,29, 
in satisfactory agreement with 3,26 debye units by experiment, It follows from the above that in the case of di- 
nitro compounds also, experiment accords with the fact of a considerable decrease in the dipole moment for the 
carbon~halogen bond. 
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GITI 

GITTL 
GONTI 
Gosenergoizdat 
Goskhimizdat 
GOST 

GTTI 

IL 

ISN (Izd, Sov. Nauk) 
Tzd, AN SSSR 
Izd. MGU 
LEIIZhT 

LET 

LETI 
LETIIZhT 
Mashgiz 

MEP 

MES 

MESEP 

MGU 

MKhTI 

MOPI 

MSP 

NII ZVUKSZAPIOI 
NIKFI 

ONTI 

OTI 

OTN 
Stroiizdat 
TOE 

TsKTI 
TSNIEL 
TsSNIEL~MES 
TsVTI 

UF 

VIESKh 
VNIIM 
VNIIZhDT 
VTI 

VZEI 
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Phys. Inst. Acad. Sci. USSR. 
Water Power Inst. 
State Sci.-Tech. Press 
State Tech, and Theor. Lit. Press 

State United Sci.-Tech. Press 

State Power Press 

State Chem, Press 

All-Union State Standard 

State Tech. and Theor, Lit. Press 

Foreign Lit. Press 

Soviet Science Press 
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Ministry of Electrical Industry 

Ministry of Electrical Power Plants 
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Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. — Publisher. 
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